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THE LIMITS OF STABLE PROPAGATION OF FLAMES iN GASES UNDER 
CHANGING PRESSURES 


D. I. Abugov 


(Presented by Academician N. N. Semenov on July 9, 1956) 


1, In investigating a combustion mechanism by the methods of heat theory, the role of heat transfer in 
exothermic reactions (1-3) is given substantial importance. But if there are rapid changes in the state of the 
gas with a large amount of specific work, the heat interaction (heat transfer) of the thermodynamic system with 
the surrounding medium fs of secondary {importance relative to mechanical interaction (exchange of mechanical 


work). This is the state of affairs in engines of the pulsating type including piston engines and, in general, under 
conditions of changing pressure and volume, 


The mechanism of the cessation of flame propagation (cessation of combustion) {is similar to the mech- 
anism of ignition: of fundamental importance in both cases are the conditions of energy exchange between the 
reacting gas and the medium surrounding it ? which determine the transition from a stationary reaction state to 
an essentially nonstationary one (on fgnition- ftom astationary reaction accompanied by an insignificant evol- 


ution of heat, to a progressively downward reaction; on cessation of combustion-from a stationary fast reaction 
to a progressively downward reaction), 


The problem of ignition under various forms of energy exchange with the surroundings has been studied 
before [4]. 


2. Let us set up the energy equatign for the clement of the flame zone where the reacting gases and the 
products of the reaction occur, assuming the following simplifications to hold: a) pressure p is constant 
throughout the chamber, b) the kinetic energy of the gases is smali relative to their enthalpy and hence the 
changes in the kinetic energy are not considered, c) the gas is considered to be ideal and its physical para- 
meters (specific heat, coefficient of heat conductivity, etc.) constant (average values within the interval con- 
sidered), d) the combustion (chemical reaction) is considered as the heat source, e) the change in the number 
of moles due to chemical reactions and thermal dissociations at high temperatures, {s not considered, f) the 
case is one-dimensional, {.¢,, the state of the gas (temperature T, density p, velocity, u) depends on the x- 
coordinate, the disectton of which coincides with the direction of flame propagation, and on time f, 


The differential equation expressing the principle of conservation of energy (first law of thermodynamics) 
we wil} write in the following form (considering a unit volume in unit time): 


aT d d, 


Let us take a system of coordinates rclated to the flame zone. In this coordinate system the flame zone 


* Iris possible to treat analogously the conditions for detonational collapse {.e., transition from a slow flame 


propagation to a detonation, 
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is stationary andthe Initial gas moves along the direction of the x-coordinate with a velocity ug. According to 


dT oT aT 
the conditions of the problem T = f(r,x) and hence ot + tig 
The expression for the quantity of heat for a unit volume and a unit time, including the heat evolved dur- 


ing the chemical reaction, the hcat conducted away (in the direction of the flame propagation) and the heat 
lost to the wall, will be 


dQ oT 
de +4 — 


Here w is the velocity of the chemical reaction, Hj, the heat effect of the reaction, Og — a(T-T,,) is the 


heat given off to the wall where a is the Gansmission coefficient between the wall and the gas, # is the peri- 
meter of the flaince zone and F its cross section, 


Substituting into equation (1) the appropriate expressions, dividing by Cyp and transforming we will ob- 
tain the following: 


(2) 


where A = 


ing gas with the surroundings, and a = rip is the coefficient of heat conductivity, 


is the term representing the cnegy interaction of the react- 


3, The propagation of a flame in a turbulent gascous mixture is of interest in the application to engines, 
Let us make some assumptions conceming the structure of the flame zone and its propagation in the turbulent 
mixture, 


' According to contemporary representations [5] 2 small-scale turbulence influences the propagation of the 
flame by intensifying the processes of heat transfer (and transfer of matter) in the flame zone which leads to an 
increase in the propagation of the flame and coresponding increase in the width of the flame zone (6 ~ugq), 


Hence equation (2) can be applied to the turbulent flame zone with complete confidence for the case of a small- 
scale turbulence, ‘ 


To determine the conditions for the cessation of the propagation of the flame let us use approximate 
methods of solution, Let us consider the limiting case where the rate of the chemical reaction is strongly de- 
pendent on temperature (i,e,, E/RT>> 1) and where we can consider [2] that the reaction is occurfing ata tein- 
perature near to the maximum combustion temperature, 


Let us denote the left-hand side of equation (2) by D(T,x), If A = 0 (i,c,, if p = const, and $5, = 0) we 


will have from cquation (2) Dg = Amix a . Let us denote the maximum flame tempcrature for the case 


A=0 by Th theor « Whereupon “ag = Tf theor ~ Te. Let us introduce the characteristic reaction time 


Tr= p/w (time taken for the complete combustion of all the reacting material prescut, at constant raw), In the 
case A=0, theor » Where theor ~ EXPE. RT 
Th theor “Te 


Tr theor 
of temperature increase in the flame zone which would occur if the reaction proceeded at constant rate without 


any wausfer of hcat or matter, in the case A=0, 


Now the previous equation can be written in the form D, = » where Dy is the average rate 
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For flame propagation under variable pressure and with transfer of heat and matter A #: 0, Depending 


on the actual conditions cither A < 0 and D< Dg ts possible or A> 0 and D> Dy. Here De tat 


the pageant flame temperature for the case A ae O and r, fs the characteristic reaction ime corresponding to 
Th (tT, ~e Tay 


Ta 8T at f 
For the cate A Equation (2) can be written tn the form Seer + A, from which 


-we will obtain 


= Ar,, (3) 


where AT, = —Th theore Breaking down the exponential [3] we find = Te, theor ©XP 
(— ATE RTH theor™ Using this expression and dividing both sides of Equation (3) by art 


fl theor/E* we obtain 


exp(-0), (4) 


AE 
where 6 = Tr, theor « 
fl theor fl theor 
From Equation (4) we find (in considering Equation (4) we can neglect the weak dependence of # on 
temperature relative to the exponential factor): at A=0,6 =0, L.e., = Cor Th = Th theor® 2% A> 0, 
= 0, Th > Th theor * 


Whereupon two types of conditiors leading to detonational collapse are possible: 1) ignition of the 
mixture® due to compression (in front of the flame limit) which causes the formation of shock waves, 2) forma- 
tion of shock waves due to the processes of combustion within the propagating flame limit. 


With A< 0 we have 6 < 0, i.e., Th< Th theors Solving Equation (4) it is possible to determine that 
the limiting value of # corresponds to@ =—1, i.c., the flame temperature as a consequence of energy transfer 
can decrease by no more than RTH theor/E- It must be noted that such a fall in temperature at the boundary 
occurs in laminary combustion at constant pressure and in the presence of heat losses [2]. 


With 0 —> -1 we have 33/0% —> w — a nonstationary state accompanied by a fall in temperature and 
decrease in the reaction rate, i.e., the limit of the flame propagation is reached and collapse of combustion 
occurs. 


Modifying Equation (4) we obtain at the boundary of the collapse the approximate relation 
[A] _ 1 RTA theor 
De e E 
loss of heat to the wall) to D, (the average rate of temperature increase in the flame zone with A = 0)has a 
certain critical value at the propagation boundary. The presence of the term RTA theor/E in the latter expres- 
sion is due to the fact that the width of the flame zone (where losses occur) is approximately E/RTp theor Umes 
larger than that of the chemical reaction zone, 


» i.e., the ratio of [A] (rate of decrease of temperature due to decrease in pressure and 


* Local ignition, taking into consideration the temperature nonuniforinity of the mixture under real conditions, 


- constant ratio of the time of temnerature decrease because of heat exchange, to the time of temperature increase 


If one introduces the characteristic loss time * RT* theor (time taken for the gas temp- 
crature to decrease by one characteristic interval due to change In pressure and heat loss to the wall), then we 


the 
will obtain at the flame propagation boundary from equation (4) . — as =. » Le,, the ratio of tae charac- 


teristic reaction tine to the charactrrist{s Joss time, is constant, 


4. In the case of large-scale turbulence there occurs an increase in the surface of combustion due to {ts 
deformation by the turbulent pulsations; a comparatively large combustion zone fs formed on propagation of 
the flame. This zone does not have a homogeneous structure and looks like a folded flame front (a layer of 
burning gas fs divided by layers of initial gas), 


Turbulence by itself does not affect the occurrence of the chemical reaction. In the case of large-scale 
turbulence the reaction also occurs at temperatures near to the maximum flame temperatures, Hence, the 


due to the ¢hemical reaction Tr theor/Tioss = const.), obtained as the condition for quttiuetion collapse for a 
small-scale turbulence should hold tor the case of a large-scale turbulence, 


5. The limits of stable flame propagation depend strongly on the magnitude ‘of dp/dr,. In the case of 
periodic combustion engines with one end of the chamber open (gas turbines, reaction turbines), besides the 


law of heat evolution, the conditions of gaseous flow play a very important role in determining the magnitude 
of dp/dr(6-8)}. 


In the case of piston engines p= f (V,z), where bade is the volume of the chamber and z(7) fs the fraction 
of burned material. Hence, 


= (7) dz 
* \dz jy d=" 


or, since 


ap p 1dp__,dinV /dp\ dz 


In this equation the first term which takes into account the change in the volume of the chamber (moticn 
of the piston), depends strongly on the position of the piston relative to the upper dead point; the second term 
which takes into account the buzning out depends on the heat properties of the mixture (Hj /CyTe) and on 


the rate of flame propagation. 


Many experimental facts about combustion in engines, in particular the problem of stable work by a 
piston engine with spark ignition and using poor mixtures, can be explained on the basis of above considerations. 


I take this opportunity to thank Ya, B. Zeldovich and O. M. Todes for their valuable advice and remarks on 
this work, 


Received July 9, 1956 
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DEPENDENCE OF ABSORPTION SPECTRA OF SOLUTIONS AND 
ISOMORPHOUS ALUM CRYSTALS ON THEIR CHROMIUM CONTENT | 


I. I. Antipova-Karataeva 


(Presented by Academician A. V. Shubnikov July 18, 1956) 


Theoretical works dedicated to the investigation of light absorption by admixtures in dielectrics (1-3), 

consider only those cases where the “absorption centers” are independent of each other. However, it is known 

that Beer's law which is based on such an assumption, is not always obeyed.” In those cases where deviation 

; from Beer's law cannot be explained chemically, one must, apparently, look for an explanation in the interaction 
between the “absorption centers.” It seems to be of interest to determine the conditions under which this inter- 
action becomes appreciable enough to manifest itself through the absorption spectra. - 


f We investigated the absorption spectra of mixed crystals and solutions of aluminum-potassium and chromium- 
potassium alums, In the latter the chromium ions replace isomorphously the Al"? fons and are the coloring ad- 
mixture, An analogous but less complete investigation has been performed earlier by Ritschl and Miiller [4], 

on crystals of corundum Al,O3, colored by an {somorphous admixture of Cr “, It was of interest to determine 

the behavior of wide bands in the spectra of structurally different crystals as a function of the concentration of 

the same coloring species, 


The absorption spectra of alum crystals and solutions were measured in the ntlai region 250-700 my 
at room temperature. In the visible part of the spectrum the measurements were performed using a monochromator 
UM-2 (YM-2) and a photoelectric method, Inthe ultraviolet region the spectrograph Q-12 was used, The con 
centration of the cliromium in crystals varied from 2,9 to 100 mole% and in the solutions from 7° 10 *t0 56-10! 
mole %. 


The jatenapeton spectra of alum crystals exhibit three wide absorption bands Ymax= 17760, 24600 and 
38750 cm * of which the latter is so near the ecntinuum that itwas not possible to investigate it completely. 
The position of the maxima of the other two absorption bands and their half-widths do not depend on the 
concentration of the chromium (Fig. 1). The areas bounded by the spectral absorption curve and the frequency 
axis, and the extinction coefficients at the maximum absorptions, are proportional to the concentration of the 
chromium, Beer's law was strictly followed (Fig, 2). The shape of the ri alt bands approximates to the 
Gaussian error curve. The oscillator strengths are equal: fyy799 =2.25°10 and feasoo = 2.16 10 


Investigation of the positions of the maxima of the corresponding wide bands in the absorption spectra of 
corundums colored with chromium showed that the bands shifted to lower frequencies on increase in the chrom- 
{um concentration, with a strong shift occurring in the concentration interval 8,4 to 100 mole} .while for smaller 
concentrations the position of the ba1ds remains practically constant. According to Thilo [5] the magnetic and 
thermochemical properties of these crystals,as well as their lattice parameters, specific gravities and luminescence 
thresholds,all exhibit analogous changes on \ariation in the chromium concentration. Thilo and Sauer [6] in- 
vestigated the dependence of coloration, Lattice parameter, density and thermochemical properties on the 
chromium concentation in mixed crystals of spinel] MgO*Al,Os-MgO*Cr,03. The curves of the dependences of 
the properties of corundums and spinels on the chromium concentration were found to be similar but the limiting 
concentration in spinels was 15%, Thilo explains the phenomena described by assuring that the chromium ions 


1 


in these crystals are bonded In two different ways; at 

low concentrations when they exist Independently of 
each other and at large concentrations when cach fon 
has at least onc other fon as its nearest ncighbor, A 
tough calculation shows that such a limiting concentra 
tion would be 8,4 molc%® for corundums and 15 mole & 
for spinels, The chromium fons in mixed alum crystal 
behave Independently of their concentration, The rcason 
for such a difference lies {n the difference between the 
structures of the crystal studied, In corundum the chrom- 
fur: ion occurs in the center of the octahedron, in spi- 
nels in the center of a tetrahedron of oxygen fons where- 
upon the shortest distance in corundum between the 
metallic fons is about 2 A, In alum crystals the chrom- 
ium occurs in the center of an octahedron of H,O mole- 
cules which are at 1,98 A from it, 


Fig, 1, Dependence of the position of the maxima 
of the absorption bands of alum crystals on the chro- 
mium 

2) = 24600 cm b) = 17700 cm” 


&0 
mole % 


Fig. 2. The ereemnane of Beer's law in the aa of mixed alum crystals. 
&) ¥max = 17700 cm ',b) Vmax = 24600 cm 3, 


an toss a0 am am 00053 
mole/liter mole/liter 
Fig. 3. The fulfiliment of Beer’s law in the case of mixed solutions of 


alums. 
8) ¥max717300 cm b) Umax =24300 cm 4, 


Chromium belongs to the transition elements. The electronic transitions corresponding to the 
wide absorption bands in the absorption spectra of the crystals prin 8 acme apparently within the unfilled 
3-d shell, since the oscillator strengths are small— of the order of 10 4-10 © On absorption of light there occurs 

- a redistribution of electrons within the 3-d shell; hence, the electric pol of the ion changes but very slightly 
at large distances away from it and a strong interaction can occur only with the nearest neighbors of the ion. 


As shown above the distance to the nearest neighbors must be of the order of 2 A, The chromium fons in alum 
crystals are shielded by a sheath of six water molecules; hence change in the chromium concentration {s not 
reflected in their absorption spectra. 


This supposition is supported by the investigation of the absorption spectra of mixed alum solutions, It is 
known that on solution of alums the chromium fon passes into solution as the complex (Cm H,O},] © retaining 
its water sheath. The absorption spectra of the solutions are very similar to those of the crystals: the half- 
widths of the corresponding bands are nearly equal and the bands in the spectra of the solutions are slightly 
displaced toward lower frequencies, Beer's law fs strictly followed (Fig. 3). The position of the band maxima 
and their half-widths do not depend on the chromium concentration, The shape « g the absorption aap approx- 
imates to that of the Gaussian curve, The oscillator strengths are = 6.2 °10 © and = 4.0° 10 § 
Therefore, change in nelghbors far removed from the chromium fon affects but little the absorption geen of 
chromium fons, The fundamental role is played by the nearest neighbors and any substitution among them leads 
to considerable change in the soectrum. As was chown by an investigation of the absorption  fgee of solutions 
of the green modificafen of alums— basic complexesof chromium and complexes (Ca SO,)s) there was a 
strong shift in the band positions and a considerable change in the half-widths of the bands (up to 17%) on 
going from alum solutions to those solutions than on going to the crystals, — 


The described peculiarities in the behavior of the wide bands in absorption spectra of solutions and mixed 
alum crystals show that in this case it is not the chromiurn ions but the chromium fon complexes [CrH,0),)® 
which must be considered as “absorption centers" according to the theory of A. S. Davydov and S. L Pekar. 


Institute of Crystallography of the Academy of . Received July 4, 1956 
Sciences of the USSR x 
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THE ROLE OF INTERMEDIATES IN COMPLEX CHAIN REACTIONS 


Enikolopyan 


(Presented by Academician V, N, Kondratyev, July 4, 1956) 


The kinetics of complex chain reactions which proceed with formation of a number of stable intermediates 
(1) (e.g., peroxides, aldehydes, alcohols,etc. on oxidation of hydrocarbons) differs from the kinetics of simple 
chain reactions (reaction of hydrogen with chlorine, oxidation of hydrogen and carbon monoxide at low pressures 
etc.), in that in complex chain reactions the mechanism of the process changes as the intermediates (I) accumulate, 
In the beginning of the reaction when the concentration of (I) is small, the active particles (atoms and radicals) 
react mainly with the initial substances. As (I) accumulates ,the active particles react simultaneously with the 
initial particles and (I) which leads to change in the mechanism of the reaction during its course, 


The rate of an unbranched chain process {s described by the equation 


W = = (1) 


where ag fs the rate of conception of active centers, v is the length of the chain, a is the rate constant for the 
propagation of the chain and g fs the rate constant for destruction. 


On quadratic destruction of active centers agand g in equation (1) will have a /, power, This will not 
introduce substantial changes into our discussion and hence the presentations on the role of (I) developed below 
will apply fully for the case of quadratic destruction, 


In complex chain reactions there occur cases where (I) produces the conception of active centers at a 
higher rate than the initial substances, This phenomenon became the basis of the degenerate branching theory 


of N. N. Semenov [1] and was examined by us previously [2]. In this case the rate of the reaction {s described 
by the equation 


w= (a,, + hx) = (a, + hx) = (2) 


where hx is the rate of the degenerate branching, x is the concentration of (J) capable of producing the con- 


ception of active centers at a larger rate than the initial substances, h is the constant of the elementary process 
of degenerate branching. 


The theory of degenerate branching is at present widely recognized, however, in complex chain reactions 
degenerate branching is not the only process through which ( 1) influence the course of the reaction. In complex 
chain reactions a case fs possible where (2) influence not the process of conception of ag but the chain length 


v, Whereupon it is necessary to distinguish between two basically different cases: 1) increase, and 2) decrease 
in the length of the chain v as (1) accumulates, 
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1) Increase in Chain Length vw As (1) Accumulates, 


Let us consider the scheme 


0. RH +O, = R-+ 

1. k +0, = ROO. 

2. ROO + RH -- ROOH + R. 

3. ROO + ROOH — ROOH + R’0O0H. 
4. R‘OOH = A + GH. 

5. OH + RH=H,O +R. 

6. OH + ROOH = H,O + R’OOH. 

7. ROO — terminatioa 


This scheme must not be considered as chemically and experimentally proven, We give it only as an 
illustration, 


As can be scen from the scheme the rate for the reaction of consumption of the hydrocarbon fs 


w = a,(ROO} + a, (OH). (3) 


e Applying the conditions of the stationary state and expressing the concentrations of the radicals [ROO] 
(OH) in terms of the concentrations of the initial substances, we obtain for the rate of the reaction 


where [X] fs the concentration of (1) (in this case the hydroperoxide), reacting with the slightly active radical 
ROO, a, and a; are the constants for propagation and termination of chains, respectively. 


As can be seen from equation (4) the length of the chain increases by Ks (1) - Had there not been process 
3,the chain length would have been a,/a;. ss 


The rate of accumulation of ({) is 


d[X 
= a, {ROO} — (OHI. (5) 


Substituting [ROO] and [OH] expressed in the concentrations of the initial substances into equation (5) and 
solving it with the assumption that at the beginning of the process the concentration (X] is zero, we will obtain: 


(8) 


— unidess concentration 
le 

— unidess parameter 


unitiess ume 
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Substituting the expresstons for [ROO], [OH] and into equation (3) we will ebtain for the unitles 
tate of reaction 


As can be seen from equation (7) the rate of the reaction increases with time tending toward the maximum 


value 


14:2. 


The unitless paraineter € shows the effectiveness of increase in the rate of the reaction (chain length) as a 
result of participation of (f) in the propagation process, 


Fig 1. shows the dependence of the reaction rate on time at different values of ¢. The calculations were 
perfurmed using equation (7) and without taking into account the expenditure of the initial substance. 


As must be expected Inftlally, the reaction rate is 
unity since we considered the establishment a station- 
ary state as the time origin and determined the unit- 
less rate as the ratio of the actual rate of the reaction 
to the stationary rate, If € = 0, then there Is no ac- 
celeration and the reaction procecds at constant rate 
equal to unity, 


2)Decrease in Chain Length v_as (I) 
Accumutlates, 


Let us examine the scheme 
. RH + O, = R + 
ROO. 
-ROO=A+4R’O. | 
-RO+RH=B+R. 

+ B- ROO. 
. ROO -. termination 


This scheme must also be considered only as {ll- 
ustrative, 


According to this scheme as a result of the reaction with the stable intermediates A and B the active 
radical R'O {s transform od into the slightly active radical ROO, which leads to a decrease in chain length, 


Applying the method of stationary state of active centers, the rate of consumption of hydrocarbons 
wil! be; 


a, as 


(7) 
where 
wa 
| 
HEE 
| 
a a2 
Fig. 1. 
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where [X]} fs the concentration of the intermediate A, 


On absence of process 4 the chair length would have been a /ag Process 4 decreases the chain length by 
As can be seen the larger the accumulation of the intermediate A. the smaller the chain 
length and hence the smaller tie reaction rate, The rate of accumulation of A ts given by 


Expressing the concentrations (ROO) and (R’O} in terms of the concentration of the initial substances and 
solying equations (8) and (9) with the assumption that at the beginning of the reaction the concentration of inter- 
mediate A is zero we will obtain the dependence of the reaction rate on time: 


ter’ 


== 
(10) 


and 6, ¢ and tr have the same meaning as in equation (7), 


Fig. 2 shows the dependence of the reaction rate on 
time calculated from equation (10) for various values of 


€ and without taking into account the expenditure of the 
initial substance, 


wv 


% Thus, as can be seen from the examination of schemes 
8 q 1 and 2,the chain length in complex chain reactions pro- 
} ceeding with formation of stable intermediates, can 
e change in the course of the reaction and in {ts own turn 
= my can lead to a chance in the reaction rate, If as a result 
pombeanl of the reaction of (f) with the radical a radical ts formed 


T 


> 


é which is more active than the initial radical, increase 
in chain length occurs, In the other case there occurs a 
decrease in the chain length on accumulation of ([), It 
Fig. 2, must be noted that the laws of scceleration and decel- 


eration can be different depending on the concrete mech- 
anism of the complex process, 


The ambiguous action of stable intermediates on complex chain reactions, examined above, allows us to 
take up the explanation of certain peculiarities in the kinetics of such processes. 


The stopping of oxidation of hydrocarbons long before the complete expenditure of the initial substances, 
the constant reaction rate up to very high values for the conversion (obscrved for methane, benzene and others), 
the difference between the orders of the reaction determined during the process and from the initial concentration 
of the hydrocarbon, autocatalysis by intermediates and final products, the catalysis and inhibition by the same 
substances in different reactions, can all be satisfactorily explained within the frame of the above representation. 
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DETERMINATION OF THE ZERO POTENTIAL OF LEAD DIOXIDE ELECTRODES 
BY THE METHOD OF MEASURING THE HARDNESS 


D. I. Leikis and E. K. Venstrem 


(Presented by Academician P, A. Rebinder July 8, 1956) 


The work of P. A. Rebinder and E, K. Venstrem (1-3) has shown that the electrocapillary curve of lowering 
of the hardness of a hard metal as a function of the potential jump on the boundary metal-clectrolyte {s com- 
pletely analogous to the classical clectrocapillary curve for the lowering of the surface tension of the quid metal. 
Later,E, K, Venstrem, V. L Lichtman and P, A. Rebinder [4] have shown for the case of lead that a normal curve 
with a maximum fs obtained on measuring the hardness of the metal by the pendulum method under conditions 
of sufficiently strong deformation and dispersion of the metal. The curve has a m{nimum under the Mmiting 
condition of friction between the support of the penduluin and the metal. However, independently of this,the 
extreme polnts of the curve always Ile at the zero potential. 


The application of such methods allows the direct determination of the zcro potential of the hard metal 
in concentrated solutions, which fs efther imposstble or very difficult to do using other methods (e.g., method ™ 
measurement of the capacity of the double layer, adsorption method), 


The metiod of measurement of the hardness was used by us to determine the zero potential of PbO, elec- 
trodes, Such a direct determination of the zero potential in a concentratéd solution is of particular interest In 
view of the use of PbO, electrodes in lead accumulators, I. G, Kiselev and B, N. Kabanov (5) have shown that 
irreversible adsorption of sulfuric acid occurs on the PbO, electrode, which changes {ts electrochemical propertics 
(in particular changes the oxygen overvoltagc), As a result of such an adsorption,a change in the zero potential 
{s very probable on going from dilute to concentrated solutions, 


We performed measurements in 0,1N and 8N H,SO, solutions, The measurements in the dilute acid were 
done in order to enable us to compare our results with results obtained by other methods, 


~ Measurements hdve shown that the PhQ, deposit fonned on anodic oxidation of lead in EL,SO, (analogously 
to the preparation of plates for the lead accumulator) possesees physical properties sufficient for measurements 
of the hardness,by the pendulum method,on dispersion of the surface, The curve of the dependence of hard- 
ness on potential exhibits a well-defined maximum, The PbO, deposit was obtained on lengthy (several days) 
anodic oxidation of metallic lead in the same solution in which the measurements were later performed, Figure 
1 shows the curves obtained on the PbO, electrode, As can be seen from it the maximum for the 0, .N H,SO, 
curve occurs at the potential ~ 1,9 volts (relative to the hydrogen electrode), We suppose that this value cor- 
responds to the zcro potential, Let us point out that B, N, Kabanov, N, T, Kiscleva and D, I, Leikis (6] using 
the method of measurement of the capacity of the double layer and the adsorption method, obtained for the 
zero potential the value of 1,8 volts (relative to the hydrogen electrode) in 0,01N and 0,1N H,SO, solutions, 
The difference of only ~0,1 volt shows the applicability of such methods to electrochemical deposits such as 
PbO,, particularly if one considers that in the case of metallic electrodes the difference between the results ob- 
tained by various methods reaches 0,2-0,3 volts (e.g., Tl, Cd and others) (7-9), 


As can be scen from Fig, 1 the maximum of curve B obtained for 8N H,SO, occurs at 1,7 volts,i.c,, by 
0,2 volts less than for 0,1N H,SO,, The shift in the zero potential on change in the H,SO, concentration fs in 
qualitative agreement with the representations of the surface-active propertics of the sulfuric acid anion [5, 10,11}. | 


| 


As {s well known, the specifically adsorbing antons shift the maximum of the clectrocapillary curve on 
mercury toward negative values, Apparently in concentrated solutions of sulfuric acid there {s a larger nuinber 
of anions of the acid adsorbed on the surface than in the dilute solution,and this causes the indicated shift in the 
zeto potential, 


On examining curve A in Fig. 1 one notices the 
asymmetry of the curve which manifests itself by a sharper 
decrease in hardness in the region of positive potentials 

than in the region of negative potentials. Basically this 
effect, as is known from the theory of electrocapillary 
phenomena, fs determined by the fact that a. positive 
potential on the surface helps the adsorption of specifically 
active anions, This phenomenon can apparently be tied 
in with the results on the capacity of the double layer 
on the same electrode (6). At potentials higher than 
1,9 volts a sharp increase in the capacity of the double 
layer was observed, This was tentatively explained by 
an increase in the tue surface in connection with change 
in the crystalline structure of the surface, It can be 
supposed that the sharp decrease {n hardness and sharp in- 
crease in capacity of the double layer are partly the 
result of a superficial dispersion caused by adsorption of 
sulfuric acid anfons (12, 13), Such a supposition fs in 
agreement with the fact that the deposit obtained in 
concentrated solution (8N H,SO,g and which naturally 
adsorbs more acid, possesses a lower hardness — is more 
easily dispersed note that in Fig. 1, curve A lies con- 
siderably higher than curve B). In the case of the concentrated solution (curve B) there fs no noticeable asymmetry, 
Apparently the total number of specifically adsorbed anions of the acid in the concentrated solution, even in the 
region of negative potentials on the surface, {s so large that it does not change appreciably on transition to the 
region of positive potential:.* In other words, molecules of sulfuric actd are partly adsorbed, 


L 
20 volts*° 


Fig. 1. Curves of the dependence of 
hardness on potential for PbO, elect- 
rodes in H,SO, 

A) in 0,1N H,SO,, B) in 8N HySO,, - 


Thus, it is shown that the method of measuring the hardness can be applied to the determination of zero 
potentials of oxide electrodes, With this method ft {s possible to measure the dependence of the zero potential 
on the electrolyte concentration, 


In conclusion we would like to express our gratitude to Prof, B, N, Kabanov for valuable advice witich con- ° 
tributed to the success of our investigation, 


Received June 21, 1956 


LITERATURE CITED 
[1] P. A, Rebinder and E. K, Venstrem, J. Phys. Chem, 19, 1 (1945). 
(2) P. A. Rebinder and F, K, Venstrem, Proc, Acad, Sci, USSR 68, 329 (1949), 
(3] E. K, Venstrem and P, A, Rebinder, J, Phys, Chem, 26, 1847 (1952), 
(4) &. K, Venstrem, V. L Lichtman and P. A. Rebinder, Proc, Acad, Sci, USSR 107, 105 (1956), 
(5) L G. Kiseleva and 8, N. Kabanov, ibid, 108, 864 (1956), 
(6) 8. N, Kabanov, L G. Kiseleva and D, L Letkis, ibid 99, 805 (1954), 
(7] A. V. Gorodetskaya and B, N, Kabanov, J, Phys. Chem, 4, 529 (1933), 


© May be in connection with simultaneous adsorption of cations, 
** Relative to the Hydrogen electrode, 


18 


(8) T. Borlsova, B, V, Ershler and A, N, Frumkin, {bid, 22, 925 (1948); T. L Bortsova and B, V. Ershler, 
ibid, 24, 337 (1950), 


[9] V. S. Ostrovsky and V. L Lichtman, Proc. Acad, Sci, USSR 96, 319 (1954). 
(10) N. A. Balashova, bid, 103, 639 (1955). 
(11) Ys. M. Kolotyrkin and L. A. Medvedeva, J. Phys. Chem. 25, 1355 (1951). 


{12} P. A. Rebinder, Jubilee Symposium on the 30th Anniversary of the Great October Socialistic Revolution, 
(Acad. Sci. USSR Press, 1947) 1. 


(13) V. L Lichtman, P. A, Rebinder and G. V, Karpenko, Influence of a Surface-Active Medium on the 
Deformation of Metals, Acad, Sci, USSR Press, 1954). 


| 

| | 
g 

19 


DIFFUSION PRECIPITATION OF AEROSOLS ON A STREAMLINED CYLINDER 
WITH A SMALL CAPTURE COEFFICIENT 


Natanson 


(Presented by Academician A, N, Fruinkin July 12, 1956) 


3, Langmuir was the first to make an approximate calculation of the number of aerosol particles which 
precipitate from a viscous stream, due to diffusion, on a cylinder perpendicular to the stream (1), He assumed 
that all particles within a volume bounded by a certain flow line 9, (pis a function of the flow), passing at 
0 =x/2 and distance tg- a=x, from the cylinder surtace @ andr are polar coordinates, a is the radius of the 
cylinder), are able to diffuse to the surface of the cylinder, The value of X, was calculated from the expression 
for the average absolute Brownian shift of a particte 


(+ pt)", 


where x was determined as the average quadratic distance from the cylinder surface on motion along the flow 
line 9, between 9 = 54/6 and = +/6 and where ¢ Is the duration of this motion, On substituting {nt equation 


(1) the values of x and t expressed tn terms of x9, a and w according to Lamb's equations for velocity distribution 
att-a<< a, we obtain = (0,56D/wa}% where we v9/2(2, 00 - In Re), Re = and vg is the velocity 

far away from the cylinder, The expresston for the capture cocfficlent ¢ as given by Langmuir, has the form 

€ = + a/ty where = 1 + Since was calculated for the condi- 
tion r-a<< a, the approximate expressinn obtained applies only to the region of small capture coe ffictents; 
because of x,/a<< 1 it reduces to 


It is not difficult to show that for small¢ expressions for diffusion precipitation can be strictly obtained 
from the differential equation of diffusion by the method developed by V, G. Levich for solution of siinilar 
_ problems [ 2}, 


2, The equation for convective diffusion on a circular cylinder perpendicular t the flow has in polar 
coordinates the following form 


| 
Oc Oc % da 1 de 1 
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On establishment of the stationary state, assuming the velocity of diffusion transportation in the direction @ to be 
much less than in the direction ¢ or than the velocity of the convection transportation, we obtain 


If we limit ourselves to the region  Le., to the case of small capture coefficients, then 
a 
the diffusion equation will take the form 


+ 


Changing from coordinates (r, @ ) to the coordinates (#9 )(2) and taking vg= 39/0, and v, = (1/1)d926, 
we will obtain fort ~ 4, 


3. In'the case of viscous flow around the cylinder described by Lamb's distribution of velocities, on 
= 2wa «sing and Vg = 4wesind, On eliminating * equation (3) takes the form 


(8 wa D* sin 9) x x) 


Introducing the variable 


\ (8wa D? sin db, 


we will obtain 


The solution of equation (5) with the boundary conditions c =0 at # =0(on the surface of the cylinder) 
and c =, at @ ™ ©( far away from the cylinder), has the form [2] 


| 

| 


where u = 9 /9 
The diffusion flow per unit of cylinder length is 


24= 210 (5), ad =204(% 


Taking into consideration that fn the incoming flow( at® =") c=cg.we will obtain from (6): at 
@ = gu-@ and ¢ = 0, Le, 61 =r, Hence from equations (6) and (7) we obtain 


Co (wa D*) 


The integral in the denominator on the substitution sin "h @=2 becomes for 6 < 2° 
1 1 
as; 
1 


where E and F are elliptic integrals of second and first order respectively, Their values can be obtained from 
tables, Evaluating the total integral in equation (8) graphically we obtain 


QJ rn 2.71 cy (wa D2)". 


Hence, the capture coefficient will be 


which differs considerably from Langmuir’s equation (2) in the value of the numerical factor. 


Equation (9) applies only to point particles, since for particles of finite size the boundary condition on the 
cylinder surface changes and one must pesides, consider the effect of catching (a particle moving in the line of 
flow precipitates even in the absence of diffusion, when its center approaches the cylinder to a distance tf - aR 
where R is the radius of the particle), In the absence of diffusion the capture coefficient for viscous flow at R/a = 
= Kg <<1 is equal to 2wee /ug because of the catching effect, Thus equation (9) is correct for 


du ay 
| 
F 
a*dz 1 + 2? 
AS 
a 


where Pe fs the Pecle number, 


4, In the case of potential flow around the cylinder << 1,9 =2 xsing and % * sin 6. 
Equation (3) takes the form 


6c 
— 


which can be transposed into 


dc 
1) = 2v,aD (10) 


The boundary conditions for the problem in forrn (10) are the following: © = 9 at @= O and c= cy at 
cos@ +1=0(6@ =), Under these conditions the solution of (10) is 


c = +1 ) 


z 
where (x) = dy 1s Cramp’s function. 


° 
Analogously to (7) we will obtain - 


which corresponds to the solution of Bussinesk (3] in an analogous problem on heat transfer. 
The capture coefficient will be 


vale) - (12) 


Since the capture coefficient for pure catching on potential flow around the cylinder at ®e <<! ts equal 
to xg then equation (12) is correct under the conditions 
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THE INFLUENCE OF SULFUR ON THE INTERPHASE TENSION AT THE 
METAL — SLAG BOUNDARY ; 


S. I. Popel, O. A. Esin, G. F. Konovalov and N.S. Smirnov 


(Presented by Academician L P. Bardin on July 17, 1956) 


A study of the surface activity of sulfur is of substantial interest in the clarification of the mechanism of 


desulfurization of liquid stcel and in the investigation of the evolution of sulfide inclusions in the crystallization 
process [1, 2). 


However, the influence of sulfur on the interphase tension (0) at the metal~slag boundary has not been in- 
vestigated. There is only the work of Kazakevich,et al, [3] where the change in interphase tension was determined 
during the process of transition of the sulfur from the cast iron into industrial slag, The authors came to the 


~ conclusion thato increases during the process and that under the conditions of the equilibrium the sulfur is in- 
active in relation to the interphase boundary, 


We used mainly the previous method in investigating the behavior of sulfur in relation to the metal— slag boun- 


dary|4). The only difference was the use of x-ray assembly RUP-1 (200 kv) to obtain the diffraction of the 
melt. 


The metallic phase was technically pure iron previously melted with the required proportion of Fes. 


The slags were prepared from chemically pure oxides CaO, SiO,, Al,O3 and Fe,O, and contained: 


CaO «SiO, Al,O; FeO MgO 


slag No, 1 (ferrous; 34.9 34.6 — 27.2 0.5 
slag No, 2 (blast furnace) 47 27 23 1,0 0.1 


Experiments with ferrous slag were performed in fused magnesium oxide and those with blast-furnace slag 
in corundum and graphite crucibles, In the latter case,in order to eliminate carbonization, the drop of metal 
was placed in an MgO plate, Due to interaction with the crucible material the magnesium oxide content in slags 
increased during the experiments reaching toward their end 11%. This however, as the experiments showed, did 
not appreciably influence the interphase tension. 


In some experiments the sulfur was introduced only into the slag (as FeS} in others only into the metal and 
in the rest into both phases, so as to study not only the equilibrium but also the dynamical tension in the process 
of transition of the sulfur from the metal into the slag and back, 


After melting of the metal the drops were photographed every 10 minutes and a sample (2 g) of the slag 
was taken out simultaneously to determine the sulfur concentration. In all experiments the weight of a drop of 
the metal was 11g and the weight of the slag changed from 30 to 80g, 


The establishment of the equilibrium was determined from the constancy of the sulfur concentration in the 
slag. It was usually reached after 15-20 minutes and coincided with the establishment of a permanent form by 
the drop, The magnitude of the dynamical tension was determined from single photographs of drops comparing 
them to the subsequent equilibrium ones. The photographs of the drops were magnified about 6 times and the 


true dimensions were determined from them with the help of a micrometric screen (unit division 0.1 mm), The 
relative error in the determinations did not excecd 3%. 


The required values for calculation, of the densities of liquid slag were determined experimentally (6) and 
those of steel were taken from a handbook (7). 

Experiments showed that when the sulfur content in both phases was low the interphase tension at the boun- 
dary of iron with the slag No. 1 was 650 ergs/cm*, With increase in the sulfur concentration the static inter- 
phase tension decreased, The photographs of drops shown in Fig. 1 (first and second vertical rows) can serve as 
qualitative fllustrations, The numerical values of o as a function of the sulfur concentration in the metal are 
given in Fig. 2. The sulfur concentrations in slag No. 1 were 1.6 times smaller. 


Fig. 1..Change in the shape of the metal drop with 
increase in sulfur concentration, — 


When the iron oxide content. in the slag was small (slag No, 1) the interphase tensfon at its boundary with 
the fron([S] metal 0.025%) was 1015 ergs/cm?, This differs little from the value obtained earlier for different 
concentrations of CaO, SiO, and Al,03[5] and {s substantially larger than o for the ferrous slag, On introduction 
of sulfur the static interphase tension decreased regularly and for blast-furnace slag (see Fig. 1 third row and 
Fig. 2), with 2% sulfur in the metal (Ss1ag/Smetat m2) reached the value 500 ergs/cm’, 


Thus, sulfur substantially lowers the interphase tension of iron at the boundary with oxide as well as blast- 
furnace slag, In our previous work (3) this effect was not detected probably because the sulfur concentration in 
the cast iron was small and did not change from one experiment to another, 


The values of Odynamic!M our present and past [3] experiments were found to be lower than the static 
tensions, For example in one of the experiments on transition of sulfur from slag No, 2 into steel Sdynamic = 


= 470 ergs/cm? while at equilibrium 0 =515 ergs/cm*, In another experiment 6n transition of sulfur into slag 
No. 1 Odynamic = 440 ergs/cm while at equilibrium = 510 ergs/cm’, 


- The lowering in the interphase tension with increase in the sulfur concentration {s easily understood if one 
takes into consideration the fact that sulfur has a high surface activity in relation to the steel-gas boundary (8, 9}, 
Crowding into the surface layer of the metal it forms sufficiently strong bonds with the cations of the slag, to 
lowero. The weaker influerce of sulfur in the case of ferrous slags is apparently connected with the higher 
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oxygen concentration in the metal, the surface activity 

of oxygen being similar to the activity of the sulfur (8, 10). 
Crowding into the surface layer of the metal, the oxygen 
partly dislodges the sulfur. Moreover, a comparison of the 
stabflities of sulfides and oxides leads to the supposition 
that the bond between the oxygen and the cations of the 
slag is stronger than in the case of the sulfur. The two 
above-mentioned circumstancesnamely crowding of the 
oxygen into the surface layer of the metal and {ts stronger 
Fi g. ‘bond with the cations of the slag cause a substantial 


* lowering of the interphase tension on presence of oxygen 
ae ee in the metal and a much smaller change in the tension 


a) slag No. 1, b) slag No, 2, on addition of sulfur, 


In the absence of equilibrium the directed transition 
of the sulfur through the interphase boundary washes {t out,and thus the dynamic tension is lower than the static 
one. 


The lowering in the interphase tension with increase in the concentration of sulfur and oxygen points out 
the greater thermodynamic stability of nonmetallic inclusions in steel if the sulfur and fron oxide content of 
these inclusions {s high, Moreover, adsorption of sulfur and oxygen can substantially change the magnitude of 
the loosening pressure which hinders the blending of such emulsions (11). 
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THE FORMATION OF NITRIC OXIDE BY THE ADIABATIC COMPRESSION 
OF COMBUSTIBLE MIXTURES 


Yu. N. Ryabinin, A. M. Markevich, I, I. Tamm. © 


(Presented by Academician N. N, Semenov, July 24, 1956) 


We have shown [1] that the thermal reaction of the formation of nitric oxide occurred in air which was 
subjected to a strong adiabatic compression. However, even with pressures of 9000 kg/cm®, the yield of nitric 
oxide in the compression of pure air was comparatively small and did not exceed 1%, despite the high degree 
of quenching of the products of reaction which was obtained by the use of an adiabatic compressor with a movable 
piston (2). This resulted from the fact that the temperatures which were obtained on compression of the air 

were not sufficiently high. A thermodynamic calculation shows that with an increase of the temperature the 
point of equilibrium is displaced in the direction of the formation of nitric oxide. In order to obtain higher 
temperatures, without at the same time having recourse to especially high ratios of compression, there was added 
to the reacting mixture a quantity of combustible gases and oxygen, Higher temperatures can be attained in 

such mixtures at the expense of the heat of comoustion. This heat is liberated at the time of the reaction during 
the compression of the mixture and is added to the energy which is set free during the adiabatic compression, 
thereby considerably increasing the temperature of the mixture. 


In the present work there was studied the formation of nitric oxide during the compression of mixtures 
of nitrogen and oxygen which contained the combustible gases methane, hydrogen and carbon monoxide. 


The mixtures which were investigated contained such quantities of nitrogen and of oxygen as would be 
close to the stoichiometric proportions corresponding to NO in the products of reaction. At the same time, the 
concentation of the combustible gas was chosen in each case so that the heating value of the mixture was 
constant and amounted to 470 calories per liter of mixture. These experiments were carried out under exactly 
the same conditions as those of the preceding work {1}. The apparatus functioned in separate strokes, in the 
course of which the piston in its cylinder completed one movement forward (compression), and one movement 
backward (expansion), These conditions were attained in each individual case by a special choice of the 
parameters of the reverse canal [2]. The analysis for the NO content of the gases was carried out in exactly the 


same manner as in the earlier work; the sample for analysis was taken not later than 1-2 seconds after the 
completion of an experiment, 


Experiments with mixmres containing methane, Methane was taken directly from the Saratov-Moscow 
main and was hot subjected to any additional purification. It contained as impurizies the higher hydrocarbons 


(2-47) and nitrogen (3-4), This natural gas made up 5,5% of the total volume of those investigated mixtures 
which we, in what is to follow, will designate as “methane” 


The results of the analyses for the nitric oxide content of the products of compression, Le., of those gases 
which were present in the cylinder of the apparatus after compression had taken place, are shown graphically 
in Figure 1, Curve 1 indicates the yield of NO which was obtained through the compression of air with 5.5% 
added methane (piston weight, 41.2 g), Curve 2 was obtained for a mixture which was enriched with oxygen. 


In this case the mixture had the following composition: methane 5.5%, oxygen 52.7%, nitrogen 41.8% (piston 
weight, 40.5 g). 


It was established tn these experiments that nitric oxide ts formed during the compression of air with 
8.5% added methane when the pressure teaches the value of 250 kg/cm® (compression ratio 41), A further 
increase in the yleld of nitric oxide fs brought about by a rise in the pressure and at 1400 kg/em* (compression 
ratio 102) the yicld of NO in the quenched products amounts to about 1.5%. During the compression of a mix- 
ture of the composition: methane 5.5%, oxygen 52.7%, nitrogen 41.8%, the formation of nitric oxide begins 
ata pressure less than 100 kg/cm* (compression ratio 27), An increase in the pressure of compression raises the 
yield of NO and at pressures of approximately 2000 kg/cm? (compression ratio 130) the yield in the quenched 
products exceeds 3p. 


Experiments with mixtures containing hydrogen. The mixture which was investigated had the com- 
position; hydrogen 18,3%, oxygen 45.4%, nitrogen 36,37. 


The data from the analysis of the products of reaction for NO are given in Figure 1 (Curve 3). In 
these experiments it was established that the formation of nitric oxide begins at pressures of compression in the 
neighborhood of 50 kg/cin® (compression ratio 18). The maximum yield of nitric oxide in the quenched products 
at a pressure of 770 kg/cm® (compression ratio 88)amounted to 2,91 %, 


Experiments with mixtures containing carbon mon- 
oxide, The initial mixture had the composition: carbon 
monoxide 15.6%, oxygen 46.1%, nitrogen 38.5%, The 
results of the analysis of the products of compression for 
NO are represented in Figure 1 (Curve 4), A mixture 
of this composition lies at the lower ignition limit (the 
limit of ignition for CO+ Q, is at 15,5% CO)(3]. Here 
is to be found the explanation of the difficulty which 
ais mak gem* was experienced in igniting such mixtures. It is, in all 
se likelihood, for this reason that this curve has a con- 
siderably steeper slope than does the curve for either 
the methane or the hydrogen mixtures, Gas analyses 
of the products of compression show that for ratios of 
compression up to 65 the carbon monoxide, for all 
practical purposes, does not succeed in undergoing 
combustion and nitric oxide {s not formed. The formation of nitric oxide begins at pressures of compression in 
the neighborhood of 250-300 kg/cm (compression ratio about 70) when, obviously, the carbon monoxide 
begins to bum, The maximum yield of nitric oxide for this mixture amounts to 2.41% at a pressure of compression 
of 1780 kg/em* and a compression ratio of 142. The experimental data are presented in Table 1 without any 
correction for the leakage of the gases through the clearance space between the piston and the cylinder walls ; 
they represent the directly measured values. By a conservative estimate this correction would amount to not 
less than 10-15% in the direction of an increase in the yield of nitric oxide, It should be pointed out that the 
experimental data are fully reproducible,which makes it possible to obtain clearly expressed relationships, 


at 


Fig. 1. The dependence of the yicld of 
nitric oxide on the maximum pressure of 
compression for different variants 


The data show that the yield of NO varies for the mixtures involving the different combustible gases; the 
hydrogen mixture requires the smallest pressure of compression, whereas the mixture with carbon monoxide calls 
for the highest. At the same time, the heats of combustion of the mixtures are equal, as has been pointed out 

' earlier, and are, practically, equal to the heat contents of the products of combustion. Insofar as the formation 
of NO is a purely thermal reaction (6, 1), this dependence on the nature of the combustion gas must be related 
to differences in the velocity of the liberation of heat which, in turn, results from differences in the rate of com- 
bustion, It is natural that in the case of hydrogen, which has a high rate of combustion and for which the con- 
centation is within the region of ignition, the rate of combustion of the mixture should be greater than it is in 
the case of carbon monoxide, for which not only is the rate of combustion relatively small but,also, the con- 
centration lies at the lower limit of the region of ignition. Thus, the differences which have been noticed in 
the yield of NO are the result of differences in the kinetics of the processes of combustion. It is possible that in 
the case of carbon monoxide combustion is incomplete at the moment of the maximum compression and that 
it can continue even in the process of expansion. Methane occupies an intermediate position between that of 
H, and that of CO, as the experimental data show. 


TABLE 1 


(Figure 1, a; 
somewhat larger. 


of nitric oxide (6). 


Carbon monoxide . 15.6%: oxygen 46.12 gen 
s 40 130 0.00 75 530 0,37 132 
f 53 200 0.00 96 720 0.63 154 
‘ 7 330 0.05 104 980 1.11 142 
89 440 0.17 120 128) 1.70 


3 
Compres} Max. Com res 4 Max. 
sion pressure | Yield of pre | of | sion Yicld of 
compress. NO press NO 
ratio (kg/ (%) {ratio | NO (%) ratio (kg) 
Methane 5.5%: alr . 94.5%:pistonweight - 41.2 g 
38) 120 | 0.00 53 6) 0.97 77 1080 1.40 
t 41 240 0.00 53 620 1.06 82 1109 1.43 
: 43 360 0.37 62 TH 1.17 86 1140 1.44 
€ 46 440 0.50 75 810 1.22 73 1150 1 46 
; 49 550 0.77 75 1060 1.37 102 1410 1.52 
} 44 .| 470 0.82 73 1120 4.39 
Methane - 5.5%: oxygen 52.7%; 41.8%: piston weight. 40.5 g 
28 110 0.17 72 1080 2.52 139 2070 2.91 
; 3 132 0.19 100 1340 2.77 95 1520 2.92 
32 240 0.56 86 1430 2.77 112 1790 2.92 
33 290 0.80 121 1860 2.81 134 2100 2.99 
35 315 0.85 101 1340 2.83 105 1760 3.02 
40 480 1.59 121 1860 2.84 114 1810 3.08 
HK 760 2.12 1% 2020 2.86 
_hitro- 
lydrogen 19.3%; oxygen 45.4%:gen -36.3%:piston weight. . 40.7 
18 65 0.07 38 350 | 1.04 74 630 2 67 
2i 110 0.14 4t 385 1.24 85 730 2.76 
25 150 0.19 48 470 1.75 88 770 2.91 
27 200 0.51 35 2.01 
240 0.53 62 550 2.37 
nitro- 


38.3% :pistonweight 40.7 g 


1590 
18380 
1780 


The differences in the yield of NO which are observed for the two mixtures containing methane are to be 

explained by the differences in the nitrogen-oxygen ratio in the products of reaction. It is easy to show, by 

making use of the Law of Mass Action, that in the case of the mixture which was enriched with respect to oxygen 
Curve 2) the yield should have been the greater by a factor of 1.6. In actuality, this factor was 


It has long been known that nitric oxide is formed during combustions and explosions and this method of 

obtaining nitrogen in the combined form has been repeatedly studied. It is only the theoretical work of Ya, B 
Zeldovich [6] which has shed light on the essence of this process and which has permitted the explanation 

of those differences in the yield of NO whichare observed under different conditions of experimentation, Various 

methods of investigation have been employed. Yields of NO in the interval 1.4-1.8% have been obtained by 

compressing combustible mixtures in closed containers with natural quenching [4-6]. In experiments on the 

combustion of mixtures in various types of continuous-action burners the yield did not exceed 2% (6,7). An 

_ arrangement has also been employed in which forced quenching was obtained by throttling the burned mixture 

(8). In these experiments the containers which were employed were of large volume (300 1) and the actual rate 

of quenching remained low; accordingly the yield of NO did not exceed 0.%. 


At the present time it is known that the velocity of quenching plays an — role in fixing the yield 


1.89 
2.33 
2.41 


5 
> 
&§ 33 
~~ 
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With the adiabatic compressor it fs possible to obtain high rates of quenching and experiments carried 
out with ithave led to yields of NO up to The, which yiclds considerably exceed those which were realized by 
the other methods which were citcd above. Only Townend and Outridge [9] have succeeded in reaching higher 
yields and only then because they achieved higher rates of quenching of the mixtures through a method involving 
a rupture membrane, 


It should be pointed out that the method of quenching which is incorporated in the adiabatic compressor is 
applicable to other processes than those in which the investigated product is a thermodynamically stable sub- 
stance, as is the case in the reaction of the formation of nitric oxide, This method can also be successfully 
applied to the study of metastable intermediate compounds, which makes it particulariy valuable for the 
investigation of rapid processes, 
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THE MECHANISM OF VULCANIZATION IN THE PRESENCE OF 
-2-MERCAPTOBENZOTHIAZOLE 


B. A. Dogadkin, I. A. Tutorsky and D. M. Pevzner. 


(Presented by Academician L N. Nazarov, Scptember 3, 1956) 


The mechanism of the action of 2-mercaptobenzoth{azole(Kaptax, MBT) one of the most commonly em- 
ployed accelerators of vulcanization, remains unclear, L, Wistinghausen [1] and B, A, Dogadkin and D, M. Pev- 
zner (1951, published) showed that MBT is consumed in the vulcanization, but these authors, because of the 
crudity of their methods, did not obtain quantitative relationships. 


In the present work there has been employed a preparation of the MBT which was tagged in the thiazole 
ring by the radioisowpe S**, The synthesis of this compound was carried out in the following manner. MBT, 
tagged In both of its sulfur atoms, was first synthesized from phenyl {sothfocyanate and elementary s** [2). The 
resulting MBT was then heated in a sealed ampule with an excess of inactive elementary sulfur for six hours at 
a temperature of 140°, Under these conditions the exchange reaction between the elementary sulfur and the 


’ sulfur of the mercapto group of the MBT reaches equilibrium [3]. The activity of the resulting MBT fell to one- 


half of the original value, In this way the benzothiazole radical was tagged, by the introduction into the molecule 
of MBT of the radio-isotope S** which does not exchange with elementary sulfur, under the conditions of vul- 
canization, and {t thus became possible t0 measure simultaneously the velocity of the addition of the sulfur and 
the velocity of addition of the accelerator to the rubber, 


Vulcanization was investigated in a mixture containing natural rubber (NR) which had been extracted from 
a benzene solution and dried, and also, in a mixture containing a sodium-butadiene rubber (SKB), The comp- 
ositions of the mixtures are indicated in Table 1, The combined sulfur (the elementary sulfur and also that 
which enters into the structure of the accelerator) was determined in the vulcanizate,after extraction with acetone, 
by means of oxidation with a mixture of HNOy and Br, in the presence of MgO [4]. The MBT which was combined 
with the rubber was determined by a radiometric method [5], From the maxima of the swelling of the vulcanizate 
in acid solution there was calculated the number of cross-linkages, using the equation of Flory and Rehner [6]. 


In Figure 1 data are given conceming the kinetics of the addition of sulfur‘ and MBT during 
the process of vulcanization of NR at 121°, The reaction of addition of the sulfur to the rubber and that ot 
addition of the accelerator proceed in a similar fashion, In the presence of the activator ZnO there {s observed 


a more intensive combination of the accelerator, whereas this activator does not influence the velocity of the 
combination of the sulfur. 


A small quantity of the MBT combines with the mbber even in the roller during the preparation of the 
mixture, In order to interpret the mechanism of this combination of the MBT during the rolling, purified natural 
rubber* with an addition of one part by weight of MBT was subjected to a 20 minute rolling in the absence of 
atmospheric oxygen, The masticated rubber was then separated into fractions in a binary benzene-methyl 
alcohol solvent by the reduction of the temperature. The viscosity was determined for each fraction in benzene 


* The rubber was purified by 2 20 hour extraction with cold acetone in an atmosphere of pure nitrogen. 
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TABLE 1 


Com pas iti 
of mixture 


s 
Combined 


Time of vulcani- 
(moles/g) +10 


zation (min ) 
Linkages (moles/g) 


Combined 

el 

Number of cross 
reacted per cross” 


> 
| 


R&S8 


8 


@. 


BEES 


8 
8 
> 


pe! 


ad 


mows 


= 


* (Phenyl beta-naphthylamine). 


TABLE 2 
g-atoms/ liter dmolcv liter) 


Amount of 
combined 
MBT (moles/ 
liter) 


Combined MBT 


Time of vulcanization; seconds *19 


Fig. 1. The kinetics of the addition of sul- 

fur (1) and MST during the vulcanization solution and the quantity of the combined MBT was 

of natural rubber in a mixture with ZnO evaluated by a radiometric method. It is to be seen 

(2) and without ZnO (3), from Table 2 that the amount of the combined MBT 

increases, up to a certain point, with the increase of 

the order number of the fraction; that {s to say, with a decrease of the molecular weight, Such behavior can be cx- 
plained by the fact that the MBT adds to the polymer radicals which are formed during mechanical rupture. The 
rupture of the molecular chain of rubber occurs, in all likelihood, at a bond which unites allyl groups, since 
this bond is weakened by the effect of conjugation to approximately 45 kcal/mole. The radicals which thus 
arise interact with the molecules of the MBT according to the scheme: 


CH, CH, rup-: CH, 
~CH, CH —CH, —CH,—¢ = cH —cH, ~ 2 cH, CH -— CH) 
N : 
CH N CH 
oN 
~~ CH, — = CH — CHs. 
s 


v8 
az 
Se ; 
| 
NR=-100 424 
| $-4 - |. 
MBT - 2 
Ncozon 
ZnO-5 qt. 
Stearic 
acid - 2 ¥: 
SKB-100 | 440| 0 | 
$-2 5 
MBT -1 10 . 
Neozon D - 20 
30 
40 
60 
| 
f of nM, 
fraction 
2 
Unfrac- 
J donated -- 12.0 
1 0.053 4.21 | 27.0 
2 0.091 5.45 24.5 
3 0.110 6.22 9.2 
4 0.071 4.28 8.0 
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As a result the content of MBT in the low molecular fraction is considerably greater than ft fs in the high mol- 
ecular fraction, If the MBT reacted at the double bonds there would not be observed this distribution of it among 
the fractions of the masticated rubber. * 


The MBT which unites with the rubber during the rolling also accelerates the Lente of vulcanization ,but 
to a considerably smaller degree. 


In Fig. 2. there is shown the kinetics of the addition of sulfur and MBT in the process of vulcanization of 

SKB. In this case there {s also observed the similarity between the kinetic curves for the addition of sulfur and 

for the addition of MBT, At the moment of the complete union of the sulfur (30 minutes) the velocity of the 
addition of the MBT sharply diminishes, although the concentration of the latter in the mixture {fs still rather 
high. This fact indicates that the reaction of MBT with the rubber proceeds with appreciable velocity only in 
the presence of sulfur, a fact which agrees with the data conceming the catalytic action of sulfur on the addition 
of mercaptans to olefins [7]. Actually, our experiments have shown that a subsequent addition of the sulfur into 
the vulcanizate during its swelling (in the stage of the depletion of the free sulfur) leads, once more, to an 
acceleration of the reaction of addition of MBT to the rubber (Fig. 2, 3). 


g-atoms/liter (moles/Liter) *10? 


é as ws 
MBT, g per 100 g rubber 


a” 
Time of vulcanization; seconds +107? Fig. 3. The relationship between the velocity 
Fig. 2. The kinetics of the addition of MBT constant for the addition of sulfur and the 
(1) and sulfur (2) during vulcanization ; (3) ee ee 
after the introduction of 2% sulfur by 


The kinetics of the addition of sulfur to rubber, In 


the presence of MBT, fs satisfactorily described as a re- 
action of first order in the sulfur. The velocity constants 
calculated according to such an equation vary linearly with the concentration of the MBT (Figure 3), The energy 


of activation for the vulcanization of SKB under the customary ratio of sulfur to accelerator proves equal to 
20.6 kcal/inole, 


The ratio between the MBT consumed and the number of cross-linkages (see Table 1) ts considerably 
less than unity and in the principal phase of the vulcanization this ratio remains constant, A calculation shows 


that per one combination of the accelerator there occurs approximately two instances of the formation of cross- 
linkages, 


The experimental data which are presented here indicate the reciprocal character of the interaction of 
sulfur, MBT and rubber, This action clearly follows the scheme proposed earlicr (8): 


N N N 
S871 


* In the presented scheme the MBT reacts in the Thiol form; the interaction in the thione form leads to exactly 
the same result for the distribution among the fractions, 


| 
37 


Under the conditions of vulcanization the radical ~.11, > ae either Interacts with the a methylene 


groups of the molecular chains of the rubber (reducing to MBT) ot adds at a point where there fs a double bond. 
Ih either case there are formed polymeric radicals which are capablc of Interaction, either between themselves 
ot with reactive low molecular groups, The radical HS,,° unites with a molecule of rubber forming polymeric 
mercaptans; oxidation of the latter, or their interaction at double bonds, Icads to the production of polysulfide 
bonds between the rubber chains, The recombination of the radicals I, II results in the formation of 2-benzo- 
thiazolehydropolysulfide (111), which in turn separates out a variable number of atoms of sulfur in the form of 
biradicals, which latter directly unite the molecular chains of the rubber at the positions of double bonds, 


In the complicated sequence of the reactions of vulcanization the initial process is the interaction of the 
MBT and the sulfur. For this reason the speed of the combination of the sulfur and the rubber, as has already 
been pointed out, fs found to depend linearly on the concentration of the MBT. 
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AN APPROXIMATION METHOD FOR CALCULATING THE SURFACE TENSION 


8. N. Zeadumkin 


(Presented by Academician A, N, Frumkin, June 21, 1956) 


A fundamental defect in the existing calculations of the surface tension of metals (1-7) {s, from our 
point of view, to be found in the fact that the various authors have more or less arbitratily assigned values to 
that quantity Z, the number of free electrons per metal atom, which enters {nto the different theoretical equations, 
Some have chosen the maximum valence of the atom as the value of Z, others have used the mean valence, 
sill others have fixed on one free electron per atom, and so on, Such an important metallic characteristic as 


the quantity Z should , however, as was justly pointed out in (8], be determined, in the first instance, on the 
basls of experimental data, 


In addition, most of these calculations of o have given values which were supposed to be valid at the 
absolute zero and they have not, therefore, shown the dependence of the surface tension of the metal on the 


temperature, The question of this temperature dependence ofo for metals has been considered in various 
works (9-11) 


It has seemed to us to be desirable to construct such a theory of the surface tension of metals as would 
show in {ts final equations foro only those constants of the metals which are read{ly determined experimentally. 


At various times and by varlous authors there have been proposed empirical and semi-empirical formulas 
for the evaluation ofo for metals; these have Involved the work of removal of electrons from the metal (12, 13); 
the heat of vaporization of the metal [14], and so forth, The values of 9 determined from these equations are 
in better agreement with the experimental data than are those obtained from the theoretical formulas, 


Ii the present work we would Iike to develop an approximation method for the calculation ofo from the 
heats of vaporization of the metals, 


We take as our starting point the following variant of the polar model of the metal, Let us consider a 
metal in the solid state and at the temperature T, We will suppose that, on the average, the values of the co- — 
ordinates of the positive fons of the metal coincide with those of the crystal lattice points, but that the mean 
values of the coordinates of the free electrons are so symmetrically distributed within the crystal lattice -work 
that there {s formed an electron lattice of exactly the same structure as the positive fon lattice, displaced, 


however, relative to the latter, At the same time the unit cells and the basic planes of the crystal lattice must 
remain neutral, 


It follows that, In the polar model which we are considering, there will be a coordinate fon-electron lattice 
which, in the case of a face-centered cubic metallic lattice, for example, will be of the cubic type of NaCl, 


with the shortest distance between the cations and the “anions equal to a/2, where a is the period of the metallic 
lattice, 


In (11) we have given the following equation for the coefficient of surface tension of metals; 
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where for the proposed model of the metal fey is the coordination number of the cations relative to the 


“anions” ; Af is the number of missing nearest “anions” per cation on the metal surface; E, and Ej are the 
free energies at T = 0, which a particle inside the metal would have if its mean frequencies of vibration were 


respectively equal to » and u/, and {ts coordination numbers were f, and f /2; the values of E, and 
ah y kv k 


are Calculated in the following way, Since E, {s the energy which is required for the decomposition of the 
Metal into free lons and electrons at the temperature T = 0, it follows that inttoducing into the metal, first this 
quantity of energy, then the encrgy F ‘ cVy, where Vy Vz.... designate the first, the second, and so forth, 


fonization potentials of the atom, and, finally, introducing the heat of sublimation at the absolute zero of 
temperature, Ly, there results the starting state of the metal, From this there results: 


z 


2 


eVi Lo. (3) 


Introducing (2) and (3) into (1) and considering, just as in[ 11}, that the free energy fs a linear function of fy, 
we find 


(3kT In 2— Lol. 


Through equation (4) ft ts possible to obtain the value of the surface tension o for the various faces of an 
{deal single crystal at the temperature T. 


Ya, L Frenkel has shown [15] that the crystal in the state of equilibrium possesses surface roughness because 
of the fluctations of the temperature. For this reason we will suppose that onthe surface of the crystal only local 
order {s retained, which corresponds to an orientation of all the basic faces of the elementary lfon-electron cell, 
In this case the surface tension of the crystal will be expressed by 


sar In 2— Ly), (5) 


where nih the mean number of particles per unit of surface ; BM ty {s the mean value of the relative number 
- of missing neighbors ( anions”) per surface positive fon of the metal. The values of Hand OU/ijy are found as 


follows, Let us consider some positive fon in the metal and compare the probability of its existence on a unit 
area of the metallic surface with the probability of its existence on a unit area of aplane parallel to this surface 
and lying inside the metal; we obtain 


w/w” = 


| 
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where wy is the work which {s required for the transfer of an fon from the Interior of the metal onto the surface, 
& quantity which ts proportional to the number of missing neighbors, Af;, on the surface, On the other hand, the 
ratio of tic probabilitics w*/w* must be equal to the ratio of the number of fons n(*) on unit surface area of the 


metal to the number of the fons n‘ Hon a unit arca inside the metal, It thus follows from (6) that 


Since there are on the surface of the metal a? particles per cm" belonging to the i-th face of the cublc 
crystal and having an excess energy 4 it follows that 


8) 


where Sj Is the area of the {th face; (f ) 4s the number of fons entering into the unit surface cell for that same 
face, From (7) it follows that 


a= ned) Xi 


aA 
where Xx, = exp| (Og, 1s the number of missing neighbors for the i-th face) 


The mean value of the relative number of the missing nefghbors on the surface of the metal will be 


Tt fs known that in a crystal of the cubic system there are six (100), twelve (110), and eight(111) faces, 
for which the number of missing ne{ghbors {s respectively equal to 1, 2 and 3 when these planes I= on the surface 
of the metal, For each of such planes f(’)=2. 1f(7) is taken into account and the relations S we) = 2,5 )* 

(110 
Siu) a? + Introduced, equatton (8) can be written as 


s) 


(eum +12 V2 + 8 =I, (11) 


where X(190) == (Afiroo) the number of missing neighbors forthe (100) face) ; Is the 


number of particles per cm of the (100) face. The calculations have been carried out for a surface which {s 


parallel to # (100) plane within the crystal, Taking af) * ne) there follows trom (11) the value of 499) 


ig 
ae = 10) 
4 
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which satisfies the condition 0< Xe) (199) * 0.122, From (9) and (10) there are obtained A, = 0,924 
and Al/fyy 20,201, Differentiating equation (5) with respect to temperature and neglecting the temperature 


dependence of STA, we find the magnitude of the temperature coefficient, y, of the surface tension of the 
metal; 


= — (se +208), (12) 


TABLE 1 


erg/atom calc, experimental |calc, [experimental 


Metal | 


41.1 | 4.70(%) 898 0.123] 
ed ( 
110.0 | 5.76 1100] 581-1420 | —0.092 —0.10(**) 


14.6 | 5.27 1380 —0.204 on 
7,62 | 3. 300 | 470 —0.078 | —(0.06—0.25) 
14.5 832 —0.103 | —(0.135—0.35) (4) 


12.0 3} 1815 —0,007 —0.1 
14.6 1970 —0.12 


6.61 | 2. 298 —0.048 
16.0 3 | 2320 —0.142 
16.2 1957 | 1735(!%) —0.432 

8.50 | 3.u: 454 | 436—485 | —0.U86 


where q is the cocfficient of linear expansion of the metal, For metals of the face-centered cubic system there 
are presented in Table 1 the results of calculations of the surface tension according to equation (5) and the 
temperature coefficient according to equation (12), In this same table there are given the experimental values 
of o and y for molten metals, the range of these experimental values from the measurements of various au- 
thors, the most probable value of « according to the analysis of the data in[16] and the results of the most 
- recent measiyements, In all cases where this was possible, we have taken Cox from measurements {n vacuum, 
In the case of the experimental values of the heat of sublimation, the figures shown have been recalculated by 
Rabinowitsch and Thilo [17] to the absolute zero of temperature; the value of Ag Is from [20], 


It fs to be sen from Table 1 that despite the crudencss of the proposed metallic mode! and the approxi- 
mations involved in all the calculations, the values obtained for g and y agree very well with the most pro- 
bable experimentally determined values, especially in the case of Pb for which the data {s of considerable ac- 
curacy, Inthe most of the other cases the deviation of o,,) from exp does not amount to more than 5% and 
only thCu y~Fe and -NI {s {t equal to approximately 10-20%, 
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THE ENERGY OF ACTIVATION OF THE ELEMENTARY REACTION RO, + RH 
IN THE OXIDATION OF n-DECANE 


_ D. G. Knorre, Z. K. Maizus and N. M, Emanuel 


(Presented by Academician Y, N, Kondratyev, July 24, 1956) 7 


At the present time there does not exist a direct method for the study of the elementary steps involved 
in the process of liquid oxidation of hydrocarbons. However, in recent years some information conceming these 
elementary steps of the oxidation of liquid hydrocarbons has been obtained from the reaction kinctics by utilizing 
measurements by the method of the photochemical after-effect[(2] and the rotating sector [4]. All of these results 


refer to the initial stages of the oxidation, an the only product present in the system fs a ata saad the 
first oxidation product. 


In the teatment of the experimental data it {s assumed in every case that the formation of the hydro- 
peroxide proceeds according to a chain reaction of the type: 


+ 
RO; + RH +R" 


Under sufficiently high pressures of oxygen, when the principal cause of chain rupture fs the recombination of 
the radicals RO, it follows from this scheme [5] that the velocity of oxidation should be equal to ; 


w (RH, (3) 


where w, {s the velocity of initiation,k, is the bimolecular velocity constant for the reaction of chain propagation, 

and k, is the velocity constant for the recombination of the radicals RO,. The criterion for the applicability of 

equation (3) is the absence of a dependence on the partial pressure of oxygen in the gaseous phase for the 

velocity of oxidation, over the range of pressures investigated. Knowing the velvety of initlation and determining 

the velocity of oxidation, by equation (3) there can be calculated the ratio ky/k, "hand the temperature dependence 
of this ratio, Le., the magnitude of E,— "A E,. Since the quantity E,, the energy of activation for the recomb- 


ination of pairs of radicals, is clearly close to zero, there appears at the same time the possibility of determ- 
ining the energy of activation for reaction (2), 


In the present work we have attempted to apply an analogous method for evaluating E, in the oxidation - 
n-decane, The difficulties here are to be found in the fact that it {s not possible to consider the peroxide as the 
single product of the oxidation of the n-decane, because along with it, and in comparable quantities, there are, 
from the very beginning of the oxidation, formed other types of compounds~alcohols, carbonyl compounds, 
acids and esters (6). In preceeding work on the oxidation of n-decane it was shown, however, that all of these 
products result from the disintegration of hydroperoxide ; that is to say, that the first step in the oxidation of this 
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compound, just as in the oxidation of other types of hydrocarbons, is the formation of hydroperoxides, The 
pecullarity of the oxidation of n-decane fs the fact that, even in the earlier stages of the oxidation, the process 
of the disintegration of the hydroperoxide fs to a significant degree superimposed on its formation according to 
equation (2), The breakdown of the hydroperoxide follows a monomolecular law with an energy of activation 

. E=24 kcal (7) and accordingly 


where k, fs the velocity constant for the peroxide disintegration. 


Hydrocarbon oxidations are chain processes with degenerative branching of the chains. The autoaccel- 
eration of the oxidation of the n-decane shows that it is no exception to this rule, The degenerative branching 
is brought about, as is commonly supposed at the present time, by the breakdown of the hydroperoxide molecule 
into two free radicals: 


ROOH - RO-+-OH. (5) 


In the case of decyl hydroperoxide the energy of activation for this reaction was determined by Twigg [8] and 
proved to be equal to Eg- 31.7 kcal. Itshould be kept in mind that the velocity constant for reaction (5), ks, 
certainly does not correspond in magnitude to ky, since the breakdown according to scheme e) is not the only 
means of decomposition of the peroxide 


Supposing that the velocity of initation and the velocity of chain rupture are, for all practical purposes, 
equal and considering that rupture occurs, fundamentally, because of the recombination of the radicals RO,,there 
is obtained 


[ROOH] = [RO,]?, 


which makes it possible to rewrite equation (4) in the form: 
w = [RH] VIROOH| — [ROH]. 
3 


The maximum velocity of the accumulation of the hydroperoxide {s determined from the condition dw/dt = 0 
or, which is the same thing, dw/grROOH] = 9, since, in that region of the kinetic curve which is of interest here, 
dr >0, There is thus obtained 


[RH]? 
=~ 


or for the effective energy of activation of the oxidation E, determined from the temperature effect, 


E = 2E,+£&,—E,— Ey. 
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Since the quantitics Ey and Eg arc known and Ey 
the energy of activation for the recombination must be 
Close to zero, a determination of E makes it possible to 
calculate E3, the energy of activation for tice elementary 
reaction RO, +RH in the oxidation of n-decane, 


The oxidation of n-decane was carricd out in the 
oxidation cell which was described in our earlier work [6]. 
In order to convince ourselves of the correctness of the 
supposition that the principal cause of chain rupture {s 
as to be found in the recombination of the radicals RO,, we 
obtained the kinetic curve for the accumulation of the 
peroxide in the course of the oxidation of the n-decane 
20 at 130° and under two different partial pressures of 
oxygen: 1 and 0,5 atm (the latter pressure was obtained 


Fig. 1. The kinetic curves for me accum- 


by blowing through the n-decane a 1: 1 mixture of 
ulation of peroxide in the 130° oxid y 8 
nitrogen and oxygen), The results are given in Figure 1. 


It is obvious that the formation of the peroxide in a jet 
of oxygen proceeds with exactly the same velocity as it 
does in a jet of nitrogen and oxygen, There fs thus con- 
firmed the correctness of the condition .6), since it is only in the case that the chain rupture {s due to the recom- 
bination of the radicals RO, that the velocity of oxidation is independent of the pressure of the oxygen, 


of n-decane by oxygen (a) and by a 1:1 
mixture of oxygen and nitrogen (b). 


Mole % In Figure 2 there are shown the kinetic curves for 
"the accumulation of the peroxide during the oxidation 

of n-decane at various temperatures, In Figure 3 there 

20 is plotted an Arrhenius curve showing the maximum 

velocity of the accumulation of the peroxide as a function 

of the temperature. From this relationship there {is ob- 

tained for the over-all energy of activation a value E = 

= 31 kcal which, according to equation (7), gives a value 

2 of 11.5 kcal for the magnitude of E,. 


2 


In order to decide as to the plausibility of such a 
result for E,, we have evaluated the latter theoretically 
by the formula of Polanyi, According to this formula, 
for an endothermic reaction 


E =|q|+ 11.5—0.25|q]. 


20 


where q fs the heat of reaction [9], 


For reaction (2) the heat effect fs equal to the dif- 
Fig. 2. The kinetic curves for the accumulation _ ference in the energy of rupture of the OH bond in hydro- 
of peroxide in the oxidation of n-decane by oxy- gen peroxide and the encrgy of rupture of the CH bond In 
gen at the temperatures: a) 150°, b) 140°, the original hydrocarbon, 


30°, d) 120° 
yh : The energy of rupture of the secondary CH bond in 


n-decane, which is the one which fs preferentially subjected 
to oxidation [10], should not in any way essentially differ from that same quantity in propane. According to the 
data which is presented in the monograph of Kottrel, this quantity is equal to 94 kcal, The energy of the OH 
bond in decyl hydroperoxide should not markedly differ from the energy of this bond in hydrogen peroxide, since 
it is scarcely likely that the R group in the hydroperoxide exerts any considerable influence on the OH bond, from 
which it is separated by two simple bonds, For hydrogen peroxide QH = O,H * 9HO-OH +249-1-I9=09749 H-0,° 
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The respective bond energies are to be found in the Kottrel monograph (11) 48 heal, 193 
keal, Qgaq * 117 kcal) and in the work of Foner and Hudson (12](q:;.q, = 47 kcal) from which 
it follows that the OH bond energy in hydrogen peroxide must be equal to 90 kcal, With the above accepted 
values of the bond energics for OH and for CH, ft follows from the Polanyi formula that & =14.5 kcal. 


TABLE 1 


A Comparison of the Values of the Energy of 
Activation for the Reaction RO, +RH Obtained 
from Experimental Data with those Calculated 


IN by Polanyi’s Equation 


Hydrocarbon Energy of activation 
from kinetic | according to 
data Polanyi 
Ethyl Linoleate (1) | 5 
Tewalin (2) 6.5 
Squalene [ 1!) 1 
Methyl oleate (1) 7 


n-Decane 14,5 
25 40 MS 


Fig. 3. The dependence on temp- 
erature of the maximum rate of In view of the approximate character of the Polanyi 
accumulation of the peroxide. equation and the lack of precision for the values of 
the bond energies the results obtained should he considered 
satisfactory, It should be noted that if for the CH bond energy there is accepted a value of 89 kcal (9) (instead 
of 94 kcal) calculation then gives k, = 11.5 kcal, f.e., a result agreeing well with the experimental. 


It is interesting to check and to see how far, in general, the Polanyi formula is applicable to such reactions 
as these, In the first column of Table 1 there are presented the values of E, (the energy of activation for the 
reaction RO, +RH) which have been obtained by various authors from the kinetic data andEquation (3) (there fs 
included the value, found in the present work, for n-decane), In the second column there are shown the values 
of E, calculated for these same hydrocarbons by the formula of Polanyi (the value for the CH bond energy was 
taken from data applying to simpler hydrocarbons of the same structure), 


It is obvious from Table 1 that the energies of activation for the elementary reaction RO, +RH as obtained 
from the Polanyi equation agree very well with those which are found experimentally. 
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AN ELECTRON MICROSCOPIC INVESTIGATION OF THE STRUCTURE OF THE 
SPHEROIDAL GRAPHITE IN CAST IRON 


E. A. Leontyev, V. M. Lukyanovich and B. S. Milman 


( Presented by Academician M, M. Dubinin, July 30, 1956) 


The introduction into cast iron of several hundredths of a percent of certain elements (in particular Mg, 
Ce, and Ca) leads to the crystallization of the graphite inclusions, not in the usual laminar form, but rather 
in the form of spheroids of varying degrees of curvature. ‘his makes it possible to increase the yield strength of 
the cast iron by a factor of 2-3 and gives to the metal a certain plasticity, retaining, at the same time, a number 
of its technically valuable properties and the economic advantages of its method of production. The new high= 
yield cast iron has in many cases completely replaced steel, wrought iron and nonferrous alloys, so that the 
problem of its further improvement has acquired great industrial significance. 


In this connection a number of works have recently been devoted to the investigation of this spheroidal 
graphite and several bypotheseshave been advanced concerning its structure [1-5]. Because of the limited amount 
of experimental material this question has, however, not been finally settled. The authors of these works in 
which the electron microscope was used [2, 4, 5] have limited themsleves to the investigation of the customary 
metallographic sections, but since the surfaces of the graphite inclusions of the latter were, of necessity, strongly 
deformed in the processes of preparation, such works cannot possibly give trustworthy information for the under- 
standing of the structure of the graphite. 


The work [6] is an exception since here valuable information conceming this structure was obtained through 
cathodic corrosion of the polished sections, ; 


We have carried out an electron microscopic investigation of the undeformed surfaces of the graphite 
inclusions, using the method of replicas, and we have also investigated their internal structures by chemically 
cleaving them and photographing the products of their disintegration, The spheroidal graphite which was studied 
was separated out from.a cast iron containing Mg by means of electrolytic dissolution (Figure 1). A 20% solution 
of HCI served as the electrolyte ; the current strength was 5 amp, The separated graphite was washed with an 
alkaline solution and with water and was then dried, 


The problem of obtaining replicas from the surfaces of the separated spheroidal particles of about 100 yp 
diameter was a difficult one. After a series of attempts we fixed on the following technique, On the surface of a 
small glass platd there was laid down a thin layer of 0.1% collodion solution and after 1-2 minutes the powdered 
graphite was sifted onto it. The excess was then shaken off so that the collodion film remained covered with a 
graphite layer which was one grain in depth. The conditions were so chosen (by observation in a stereomicroscope) 
that '/,—"/, of each globule, by height, was wetted by the solution. After 24 hours, when the film had completed 
its solidification, molten sulfur was poured over the glass strip, Since the sulfur readily wet the graphite but did 
not wet the film, the layer of sulfur with the globules adhering to it was easily detached from the plate after its 
solidification. On the plate there remained the collodion film which retained the imprint of the graphite grains. 
By means of thermal vaporization in vacuum there was deposited on it a final quartz replica (7) which was rein- 
forced by the application of a layer of gelatine of 0,1-0.2 mm thickness, The underlying collodion layer was 
then dissolved in acetone ; the quartz replica which had separated with the gelatine layer was washed and was 
placed on the surface of water with the gelatine downward. After dissolution of the gelatine the quartz replica 
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was washed with watcr and caught on a meshed object-holder, To the replica there was immediately applied a 
drop of alcohol and then one of ether following which the cxcess of liquid was soaked up with a piece of filter 
paper. The strengthening of the quartz replica with gelatine and the replacement of water by a liquid of lower 
surface tension during the drying of this replica are indispensible if {ts rupture {s to be avoided. 


Photographing was carried out on the UFM-100 clectron microscope with a magnification factor of 8200. 


A study of the stcreophotographs of the quartz replicas (Figure 2) indicated that the graphite surface had a 
coarse rclicf; it was of uneven form, covered with circular protuberances of from one to several microns magnitude. 


For the studics of internal structure, the graphite was first pulverized in an agate mortar and the products 
of granulation were then examined in the electron microscope, There was thereby observed the picture which fs 
typical for ordinary graphite ; thin semi-transparent sheets which are formed as the result of the separation of 
the crystals along their cleavage surfaces, These results were in agreement with those obtained by x-ray analyses, 
according to which the spheriodal graphite contains well defined crystals, 


Especial interest attached to an attempt to determine the magnitude of these crystals, for which purpose — 
it was necessary to separate them, individually if possible, out of the spheroidal grain, The mechanical pulv- 
erization described above did not solve this problem because accompanying it was an unavoidable and uncontrolled 
deformation of the crystals. We accordingly carried out an energetic oxidation of the graphite in solution, as 
a result of which atoms of oxygen penetrated into the interplanar spaces of the graphite lattice and, chemically 
uniting with the atoms of carbon, formed the oxides [8]. On subsequent warming to 180-200° there occurred an 
explosive separation of carbon monoxide and carbon dioxide which led to the splitting of the crystals along the 
¢ axis into blocks containing a small number of basic planes, When viewed in the electron microscope, the 
cleavage products from ordinary graphite resemble leaves of crumpled paper, 


The oxidation of the graphite was carried out in the following way, The graphite (0,1 g) in a quartz 
vessel was covered with a mixture of concentrated acids: 3 ml of H,SO, and 1 ml of HNO . After 15-20 min- 
utes of agitation there was added 1 g of finely pulverized and carefully dried KC1O3, and the mixture was allowed 
to stand for 2'/, -3 hours. The graphite was then washed with water until a negative reaction for the CP ion 
resulted and it was then dried over P, Os in a dessicator. On heating to 180-200° there occurred the rupture of 
the graphite with the formation of a product which was externally similar to carbon black and which, in the 
optical microscope, proved to consist of separate worm-like particles of several microns diameter. 


This preparation was placed on the grid of the object-holderand was there studied in the electron micro- 
scope, One typical photograph is shown in Figure 3, There is to be seen here a part of one of the worm-like 
particles which is obviously a crystal of graphite which did not fully develop: at places there are to be noted 
dark fields (indicated by arrows) which can only be relatively thick blocks of the basic planes of the graphite 
lattice which did not cleave, A higher degrce of cleavage of the graphite crystal is shown in Figure 4. 
According to the data of the literamre the disintegration of the basic planes themselves, as a rule, does not occur 
here so that the diameters of those formations which are observed in the photograph (several microns in magni- 
tude) must correspond in width to the initial crystals of the graphite (measured in the directions of the a and the 
b axes). In this way the forms which are to be seen in the photograph must be analogous to those which would 
beobserved in the tearing of a weakly glued pile of paper sheets under an applied force in the direction per- 
pendicular to their planes. The apparent fibrousness of the structure which fs seen in Figure 4 is due, most 
likely, to the formation of creases on the basic planes of the crystal during the cleavage, During photography 
in the transinitted beam of electrons the presence of such creases would give the impression of a fibrous structure, 
just as do the folds on a crumpled sheet of cigarette paper. 


It is significant that the elongated formations in Figures 3 and 4 correspond in their cross-sectional diameters 
(several microns) to the circular protuberances which are observed in the stereophotographs (see Figure 2). It can 
be supposed that these protuberances are crystals of graphite which are growing out of the surface of a spheroid 
and that their cross-sectional dimensions correspond to those of the crystals in the directions of the a and the b © 
axes, This supposition agrees with the concept of the radial growth of the crystals of graphite in the spheroids 
and with thedata_ on the dimensions of these crystals which are to be found in the paper (6), 
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Fig. 1, Spheroidal inclusions of graphite, separated from cast iron 
by electrolytic dissolution, Optical microscope 110x, 


Fig, 2, Stereoscopic photograph of the quartz replica of the surface of 
spheroidal graphite 8200 x, 


Fig, 3, The product of chemical cleavage of sphero- 

fdal graphite 8200 x, Fig, 4, The product of chemical cleavage of spherol- 
dal graphite, The degree of cleavage is higher than in 
Figure 3,(8200 x ). 
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It is not possible to draw final conclusions conceming the structures of the spheroidal graphite using only 
those measurements which are made on the electron mictoscope ; it is essential to apply here other methods of 
investigation as well. It seems to us however, that the data presented above opens new possibilities for the 
solution of this problem, By the application of graphite oxidizers which differ in their intensities it would be 
possible to realize the sequential cleavage of the inclusions and, observing these processes with the aid of the 
optical and the electron microscopes, there would be obtained a deeper insight into these structures, 


This method could also be employed for the investigation of the structures of other semi- anpuilaniar 
graphite bodies, 
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THE ADSORPTION OF VAPORS ON THE SURFACE OF Go LD 


A. I. Sarakhov 


(Presented by Academician M. .M. Dubinin, July 23, 1956) 


In connection with the very interesting results which were obtained during the investigation of the ad- 
sorption of vapors on mercury [1, 2] an attempt was made to study the adsorption of water vapor on the surface 
of gold, The working material was a gold sheet of 99.99% purity which had been rolled to a thickness of 7.8 
on a steel roller. Separate leaflets of this foil were fastened with a gold wire so as to form a small booklet. 
Any grease which might have gotten onto the surface during the rolling was removed by extraction with benzene 


in a Soxhlet apparatus, Following this the sample was treated with hydrochloric and with nitic acids in order to 
eliminate any possible contamination from the steel of the rollers, 


For the determination of the adsorption fsotherms use was made of the adsorption balance of Bering and 
Serpinsky [3], the sensitivity of which was raised for the present investigation to 5.2° 10 * gperlgload. The — 
need for this latter change arose from the fact that the foil which was employed here had a geometrical surface 


of only 143 em* for a weight of 1.09 g. This increase of the sensitivity was brought about by a better balancing 
of the beam and resulted in a narrowing of the range of weighings to 1 mg. 


The manometic part of the apparatus was also subjected to an alteration since it was necessary to 
freeze out the vapors of mercury during the investigation of the water vapor adsorption, For this reason the 
mercury monometer was replaced at low pressures from 10~* tw 0.1 mm of Hg) by a Pirani gauge and at higher 
pressures (from 0.01 to 30 mm of Hg and upward) it was replaced by a membrane manometer. The Piranf 
gauge was made from a platinum wire of 30 y diameter and 10 cm length which was stretched in a glass tube 
of 4mm internal diameter, This tube was surrounded by a water jacket through which there was passed a glass 
coil with circulating water from a thermostat of the type TS-15, The temperature of the wire was held constant 
(100°) by adjusting the current supplied to it by a Wheatstone bridge, one arm of which was formed by the wire 
itself. That bridge current which was necessary to maintain constancy of temperature and, accordingly, constancy 
of the wire resistance, was a function of the pressure and was measured with the aid of a PN-4 potentiometer. 
The membrane manometer had a membrane diameter of 30 mm and was made from glass; the deformation was 


measured with a mechanical system involving a mirror and an automatic collimating tube. Both of these mano- 
meters were inserted in the air thermostat of the balance, 


The very first experiments with this adsorbent showed that the electrostatic charge which accumulated on 
the metallic screen of the balance and on the gold foil, which was hung from the quartz suspension, could not 
be removed to an adequate degree by the extemal electrostatic shield that had been used in previous work 
( a grounded aluminum foil with which the case of the balance was enclosed on the outside had earlier served 
as a screen). The introduction of a radioactive preparation into the balance case not only did not decrease the 
electrostatic interference but also gave rise to still more electrification, as was seen from the formation of 
separate flashes of electrical discharge within the case. In this connection the interior surface of the balance 
case and all of the details of the balance itself which were in the neighborhood of the adsorbent were covered 


with a layer of gold, condensed in vacuum and grounded, It was only after this was done that the balance gave 
steady, reproducible readings. 
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For the removal of those substances which the gold had adsorbed from the air or had taken up in the process 
of its preparation, the sample was subjected to a heating at a temperature of 420-450" on the balance and in 
vacuum, In the course of 4-5 days there was observed a loss of mass; then in the following 2-3 days the mass 
temained unchanged, 


_ Figure 1 shows the adsorption {sotherm for water vapor at 18° as it was determined by us. During the 
adsorption experiments under relative pressures from 0 to 0.8 P/P, there was observed an extremely rapid, almost 
instantancous, initial process (Curve 1) followed by a slow (20-30 hours) increase of the mass adsorbent up to 
the establishment of an equilibrium (curve 2). They areshownin the graph the results of three series of in- 
dependent measurements, For the experiments of desorption at relative pressures of 0.8 and less the desorption 
points lay on curve 2, As {s to be seen from the graph, curve 2 did not pass through the initial point, Le., an 
extended (up to 10 days) pumping out of the gold at 18° did not remove the material adsorbed by it. Sub- 

sequent adsorption and desorption points fell continually 
on curve 2, It is thus possible to conclude that the rapid 
pur ‘ {nitial adsorption of the water vapor on the gold surface 
was accompanied by a chemical adsorption. Naturally, 
curve 1 cannot be considered as the curve of reversible 
st _ physical adsorption because, despite the rapid perform- 
ance of the measurements during the successive intro- 
ductions of the water vapor, in addition to the reversible 
physical adsorption, partial chemical adsorption also 
occurred, The kinetic curve for this process is presented 
in Figure 2, Unfortunately, the energy of activation could 
not be calculated from this curve because the smallness 
of the adsorbent surface led to measurements which 
were of insufficient accuracy for such purposes, 


By extended heating (30-40 hours) of the gold in 
vacuum and at a temperature of 420-450° there was 
brought about the complete removal of the adsorbed 
substances, A subsequent investigation, following the 
removal of this adsorbed material, fully reproduced 
the described sequence of events. 


In order to be certain the observed irreversibility 
Fig.1. The 18° sorption isotherms was not due to the adsorption by the gold of mercury 
for water vapor on gold: vapor, vacuum grease or any other contaminant which 
1) adsorption, 2) desorption, by accident had entered into the apparatus, a control 
experiment was run with nitrogen, After the complete 
removal of the adsorbed material by heating, dry nitrogen at a pressure of 4 mm of Hg was admitted into the 
balance. In the course of 15 days no increase was observed in the mass of the gold. 


The nitrogen was then replaced with oxygen (at a pressure of 4 mm of Hg); in 24 hours the mass of the 
goid underwent an insignificant increase (not more than 0.01 yM/g). Without heating, the oxygen was then 
pumped off, the weight of the sample undergoing no change, and into the balance water vapor was admitted (up 
to a pressure of 4 mm of Hg). The resulting points at first fell between the curves 1 and 2, then, in the course 
of 2 hours they moved ontocurve 2and, during the next 24 hours, there was no further observable alteration of 
the mass. The points of adsorption and desorption after this continually fell on curve 2, It was thus possible to 
draw the conclusion that the vapors of water were chemically adsorbed by gold, in all likelihood, with the 
formation of a surface oxide or hydroxide, A preliminary chemical adsorption of oxygen accelerated this process. 


For quantitative calculations we were interested in the tue surface area of the investigated sample, For this 
reason the attempt was made to measure the adsorption {isotherm for nitrogen at the temperature of its boiling- 
point. However, the small magnitude of the adsorption was overshadowed by tie effects of the convection 
currents within the balance;it was impossible to completely eliminate these, For the determination of the 
specific surface area there was, therefore, developed the adsorption isotherm of benzene (Figure 3). This tsotherm 
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Fig. 2, The kinetics of the ad- Pp oe: 
sorption of water vapor on gold Z| 

at 18, Relative pressure ~0.4 Fig. 3. The adsorption of ben- 
p/P. ° zene vapor on gold at 18, 


is well described by the BET equation in the interval 0.02-0.35 P/P,. Applying this equation and accepting 

45 A® as the value of the area which is occupied by the benzene molecule in the densely packed monomolecular 
adsorption layer ( a mean value from the data of A. V. Kiselev [4] on the adsorption of benzene on carbon) we 
obtained s= 180 cm? as the specific area of the gold. Thus, the coefficient of roughness amounted to approx- 
imately 1.4. This was in agreement with the data of Bouers [5] who found for aluminum a value of 1.3 for 

this quantity. 


The convexity of the initial isotherm (Curve 1) indicated that it was here a matter of an adsorption of the 


electrostatic type under the action of image forces, The whole surface of the adsorbent was active in this 
process, 


After desorption at 18° there remained on the adsorbent about 0,155 yM/g of irreversibly bound water. 
If it was assumed that this quantity of water covered the gold surface with a monomolecular film, then, making 
use of the calculated specific surface area, there was obtained the result that each water molecule on the surface 
of the gold occupied an area of 17 A, This result considerably deviated from the accepted 14.8 A’and from 
the value 13,8 A? which is given by Harkins and Jura [6]; it agreed, however, very well with the area occupied 
by each atom of gold in the surface (16.55 A*), Accordingly, within the limits of experimental error, to each 
surface atom of gold there corresponded one molecule of firmly bound water and the area occupied by the 


water molecule on this surface was determined, not merely by the size of the molecule itself, but also by the 
crystal parameters, 


At the present time we are carrying out work for the confirmation of these data and for increasing the 
accuracy of the investigation, the present method being insufficiently precise, This may be seen from the fact 
that the whole effect of the adsorption of water vapor at P/P, =0.5 on our sample, namely 5.7°10°¢ g, was 
determined, even in the best of cases, with an accuracy of only Fh, 


In conclusion I would like to express my deep appreciation to Academicians M, M, Dubinin and V, M. 
Lukyanovitch for their continuing interest and valuable advice and to N, N. Moskvitin for his help in carrying 
out certain extended measurements. 
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THE PROBLEM OF THE POLYMORPHISM OF DI-CALCIUM SILICATE 


N. A. Toropov, B. V. Volkonsky, and V. I, Sadkov 


(Presented by Academician P. A, Rebinder, July 21, 1956) 


_ Di-calcium silicate is one of the chfef minerals of the Portland cement clinker, It fs for this reason that the 
study of the polymorphic transformations of this compound has always attracted the attention of many investigators, 


The polymorphic transformations of di-calciuim silicate have been investigated by various methods: the | 
petrographic method, in which the differences in modification are established through the optical constants, the 
method of x-ray analysis, the dynamic method based on the heating and cooling curves, and finally, the static 
method of instantaneous cooling or quenching. 


At one time there were associated with di-calcium silicate the three modifications: a s and y, Further 
investigations, however, pointed to the existence of additional a* and 8° modifications of the compound, 


Bredig (1) considered that along with an a- modification of C,S, which is isomorphous with@-K,SO,, there 
also exists an a*-2CaO-siO,, isomorphic with the rhombic form of B-K,SO, and stable in the interval between 
the limit of stability of the a form and 850°, F, I, Vasenin [2], by the method of heating and cooling curves, has 
established the existence of a form of C,S, which he considered as 8-C,S. Later Tromel and Muller [3] also 
noted the existence of ana*C,S. Saalfeld [4] confirmed the existence of an a=C,S. 


Interesting data are presented by Metzger [5], He considers it to be the generally accepted opinion that the 
C,S in the Portland cement clinker exists exclusively efther in the form of a-C,S or 8-C,S. A similar point of 
view has been supported by Nurse (6) in his report to the InternationalSymposium on the Chemistry of Cement in 
London in 1952, He admitted,however, the possibility of an additional q@* modification. The method of models, 
which was proposed by Goldschmidt (7), involved the use of the low melting system NaF-BeF, as a model for the 
system CaO-SiO,, This work was continued by Thilo [8]. The results which the latter obtained agreed to a 
considerable extent with those of the indirect investigation of C,S, which were mentioned earlier; so, for ex- 
ample, in Na,BeF,—the model for C,S ~there appears as the modification stable at the highest temperatures, 
a form with a hexagonal lattice which, just as a-C,S, has a structure of the same type as does Na,SO,. 


We have used the method of the high-temperature x-ray analysis for the study of the polymorphism of di- 
calcium silicate, With this method we have succeeded in following the processes of polymorphic transform- 
ation in this compound; we have established the temperature limits of these transformations, and analyzing 
the a* and the 8’ modifications, we have obtained their x-ray characteristics, As a starting material there was 
chosen, according to an earlier established classification, the y modification of the compound, 


The y modification of C,S, during heating to 760°, maintains a crystal lattice which is characterized by 
three strong diffraction maxima for which the values of the interplanar spacing are equal to: d/n=3.00 A; 
2.73 A; 1,90 A and the respective intensities to 1/1,=100, 53, and 41. At a temperature of 760° the lattice of 
they modification begins to change and in the interval from 760° to 900° there is recorded the 8 modification 
of di-calcium silicate, the lattice of which, as is known, has two characteristic strong diffraction maxima: 
2,77 and 2,73 A, with the corresponding intensities I/1, = 100 and 92. 
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Then, at a temperature of 900° the 8 modification 
of the compound goes over {nto a modification which we 
have designated asthe 6°, This modification exists up to 
a temperature of 1230° and has the following x-ray char- 
actcristics for the most pronounced diffraction maxima: 
d/n=2,80A; 2.75A; 2.27A; 1.97A; 1.608 A; 1.401 
A; with the corresponding intensitice 1/1, = 100, 74, 22, 
22, 28 and 28. 


On reaching a temperature of 1230° there is again 
observed a transformation of the crystal lattice of di- 
calcium silicate and in the next temperature interval 
there is recorded a special structure which we considered 
as the a* modification of the compound, 


TABLE 1 


A' modifica- |a’ modification 
tion 


din, A din, A| ny 


Fig, 1, X-ray diffraction diagrams for the five 
polymorphic forms of di-calcium silicate, A) 
a modification; B)a* modification; C)8*- 
modification; D)8 modification; E)y modi- 
fication, 


Sere. 


Soo 


This a’ modification of dt-calcium silicate has,as the x-ray characteristics of the principal diffraction 
maxima,the following values;dA = 2.83 A; 2.30 A and 1.62 A, with the corresponding intensities I/I, = 100, 18 


and 23, 


On elevating the temperature beyong 1420° the lattice of thea® modification of the compound goes over 
into the well-known high-temperature a form, 


On cooling, these same polymorphic changes are observed in the reverse order, 


The temperature limit for the transfer from the B* into the 8 modification {is displaced in the direction of 
decreasing temperatures to 650°, while the temperature for the transformation from the 8 modification into the 
y is displaced to 450°, 


Through the direct registration of these x-ray diagrams at high temperatures, the method of analysis which 
was employed here has made it possible to establish the existence of an gq’ aid a 8° modification of di-calctum 
silicate and, at the same time, to obtain the x-ray characteristics of these forms (Figure 1), In Table 1 there 
are presented numerical values for the diffraction maxima, the intensitics, and the corresponding interplanar 
spacings in the crystal lattices of the a‘ and the 8" modifications of di-calcium silicate. 
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THE ENERGY OF ADSORPTION OF HYDROCARBONS ON GRAPHITE 


(Presented by Academician M, M, Dubinin June 29, 1956) 


Theoretical calculations of the energy of the adsorption bond can be checked experimentally by comparing 
them with the calorimetically measured heats of adsorption, They have great practical significance for the 
understanding and the solution of those problems which arise in chromatographic adsorption separations, especially 


in the case of mixtures of the hydrocarbons, The simplest situation {s that of the adsorption of hydrocarbons on 
the surface of an atomic lattice, such as graphite. 


Calorimetric measurements of the differential heats of adsorption of the hydrocarbons on graphitic carbons 
have been carried out in several works; 1-butene and n-butane have been investigated in Beebe’s laboratory 
[{1) and n-pentane, n-hexane [2], n-heptane and benzene (3) in our own, We have accordingly, also undertaken 
theorctical calculations of the energy of the adsorption bond for these and some other hydrocarbons, We have 
} attempted to explain the influence of the following factors on the energy of adsorption: 1) the lengthening of 

the carbon chain in the n-alkanes, 2) the branching of the chain in the fso-alkanes, 3) the closing of the chain 
in the naphthene ring, 4) the double bond, and 5) the aromatic ring. The calculations were carried out for the 


following hydrocarbons: n-butane ~1-butene ; n-pentane ~ncopentane cyclopentane 1-pentene ; n-hexane 
1-hexene benzene ; n-heptane, 


1, The method of calculation of the energy of the adsorption bond, In determining the energy of adsorption 


N. N. Avgul and A, V. Kiselev 


of Kirkwood: 


of complex molecules we have followed the method of calculation which was used in (2) for the n-alkanes on 
the basal plane of graphite, In these calculations the molecule of the hydrocarbon was broken down into sections 
and there was found the cnergy of Interaction of each of these sections with all of the atoms in the lattice in the 
various relative positions and under equilibrium distances of separation, tf. The summation over the sections, in 
the case where these are equivalent, (for example, with the CH, groups inthe n-alkanes and {in cyclopentanc), was 
simplified by the additive propertle: of polarizability and magnetic susceptibility of the hydrocarbons, 

The interaction of any one section with the entire lattice was calculated through the summation over the first 

hundred nearest lattice atoms, as in (4}, followed by an integration over the remaining volume of the crystal (2); 


The constant of attraction was calculated for dispersive interaction according to the quantum mechanical formula 
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where mp fs the mass of the electron, ¢ {s the velocity of light, @, Xe Anda, x, are the polarizibility and the 
magnetic susceptibility of the intcracting centers,® The quantity ¢ in Fquation (1) represents the distance 
between the interacting particles; the quantity t» was presumed to be equal to the sum of the half interplanar 
spacing in the crystal of graphite, 1.7 A, and the van der Waals’ radius of the molecular section (2,0 A, for ex- 
ample, in the case of the plane oriented molecules of the n-alkanes and 1,85 A in that of benzene [5]). In- 
tegration was carried out from r* =8.5 A on, ¥ being the number of atoms of carbon per cm’ of the graphite; the 
second member represented only #% of the entire magnitude of {(r,t_). The calculations presented in (2] have 
shown that a change of r by 0,05 A (a conceivable error in the magnitude of rg) would alter © by approximately 
5h. The molecules of the hydrocarbons, under the usual conditions of temperature, form mobile layers on the 
surface of the graphite and, accordingly, the values of the quantity © which were adopted in these calculations 
were averaged for the various positions of the molecular sections relative to the atoms: of the lattice, 


The properties of the molecular sections of the molecules of the adsorbate influence the magnitudes of ry 
and C, For adsorption on the basal plane of the graphite lattice (a, = 0,937 x 10°** cm!® and x1 = 10.54% 10°" 
cm’ [4]). 


a kcal -cm 
C = — — 0.888-10" “mole 


where qand x are the polarizabilityand the magnetic susceptibility of the hydrocarbon or its section. For the 
case of the complex hydrocarbons the energy of interaction was determined by summing over the sections: 


= WCif lr, Toi). (4) 


2. The energy of adsorption of the n-alkanes and the influence of the lengthening of the chain. This prob- 
lem was solved in the form of a linear equation showing the dependence of on the number of the carbon atoms, 
n, in the molecule (2); 


—O= (2Ccon, + (n— 2) Cen) = 3.7A) = 
= (2 (Con, — + (7. fo = 3.7A) = 0.9 + 1.85 kcal / mole (5) 


3. The energy of adsorption of an isoalkane, Here a basic factor is the separation of some of the molecular 
sections from the surface of the adsorbent, We carried out the calculations for the symmetrical molecule of 
neopentane, For three of the CHs groups tg «3.7 A, just as in the n-alkanes ;** for the quaternary carbon atom, 
and specifically for the fourth Cll, group, to is larger. For each rg there was determined a value of f(r,t9), Starting 
from the additivity of &@and x we decomposed the molecule of neopentane into sections and for each of these de- 
termined the magnitude of the constans Cj and. In view of the increase of rp, the energy for some of these 
sections was distinctly less than in the n-alkanes, which makes it possible to carry out a chromatographic sep- 
aration on charcoal. 


4. The energy of adsorption of cyclopentane, This is a plane molecule which orients itself parallel to the 
surface of the adsorbent; the five CH, groups are equivalent and ra for them {s uniform and equal to 3.7 A, The 
energy of adsorption of cyclopentane {s less than that of n-pentane but considerably greater than that of neopentane. 


* The calculation of C by London's equation, using @ and the fonization potential, leads to poorer results 
because of the crude assumptions which are involved in the equation’s derivation, 
ee It ts possible that the magnitude of ry is here somewhat different than it is for the n-alkanes, 
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5. The energy of adeorption of the a -monoolefins, In this case, with t,=3.7 A for the saturated part of 
the molecule and t,=3.6 A at the double bond, the calculations gave a lower value than for the corresponding 
n-alkanes, The dependence on n ts given by the equation: 


— © = 0.1 + 1.85 2 kcal/mole (8) 


6. The energy of adsorption of benzene, Here tg=3.55 A; the smaller mean values of q and x lead, 
however, to an energy of adsorption of benzene on graphite which fs less than that for the n-alkane which also 
contains six carbon atoms per molecule, Thus, graphitic bodies are unsuitable for the separation of the aromatic 
and the unsaturated hydrocarbons, Use should be made of the ability of these hydrocarbons to form « -complexes 
with protonic acids; Le., there should be employed such acidic adsorbents as silica gel and aluminosilica gel 
which, in actuality, give good separations of these hydrocarbons [6]. 


1. Possible errors and necessary refinements, The constant of repuldon was determined through a condition 
of minimizing the potential of interaction with a single atom of the adsorbent. Taking the interaction of the 
entire lattice into account increases this value somewhat and decreases, Further, there has been taken into 
account only the dipole-dipole term in the attractive potential of the nonpolar van der Waals’ forces; the 
quadripole-dipole and the quadripole-quadripole members, -D/P and -—e/r™®, were not included, The second of 
these, for tg> 3,5-3,7 A, can be neglected, An estimate of the quidripole-dipole term for the interaction of two 
CH, molecules at r = tg showed that it amounts to 20% of the dipole-dipole term [7], Taking the interaction with 
the lattice into account considerably decreases the contribution which is made by this term to the over-all ad- 
sorption, * Here there is nced for a more exact calculation, 


In the calculations which are presented we have accepted the mean values of the polarizability and the 
magnetic susceptibility since the effect of the additivity of the nonpolar van der Waals’ forces considerably 
exceeds that of anisotropy [8]. If for benzene, which shows strong anisotropy in its properties, there were taken 
the values of @ andy in a direction perpendicular to the plane of the ring (6.35- 10 “84 cm? and 189+ 10° cm’), 
there was obtained C =3,42° 107 «cal = cm$/mole, which is near to the result obtained using the mean value of 
@ and x, the changes in these latter mutually compensating one another, This question needs further study. 


Further, the energy of adsorption on the prismatic plane should be calculated, The distribution of the 
carbon atoms on this plane {s considerably less dense, We have carried out a preliminary calculation of {r,t9) 
for the case of adsorption on the prismatic plane with tg =3.7 A, whereby summation was extended over those 
65 nearest carbon atoins which are found at distances upto9 A, and the farther lying atoms were taken into 
account by integration, The magnitude of {(r,r9) amounted to 1.6° 104 cm € which was 40% less than the 
corresponding quantity for the basal plane ; if, however, account was taken of the anisotropy of &, and x for 
graphite, die quantity C for the prismatic plane proved to be considerably greater than that for the basal plane, 
which, in turn, led to a value for @ which was close to that for the basal plane, 


8. A comparison of the calculated values of the energy of the adsorption reaction with heats of adsorption. 
A number of difficulties arise in an attempted comparison of the energies of molecular interaction with thermo- 
chemical quantitics, The energy of interaction fs itself insufficient for a calculation of the point of equilibrium ; 
a statistical-molecular treatment fs also néeded, It fs, accordingly, impossible to directly compare the molecular 
potential, and in particular the adsorption potential with the free energy of the process (9}. A comparison with 
the total energy; Le., with the heat of adsorption, is possible, but only under two assumptions, In the first place, 
the calculation of adsorption interaction refers to clementary acts; the heat of adsorption, even the differential 
heat, is, on the other hand, a macroscopic quantity, Experiments have shown, however, that, over a considerable 
interval of the covering of the surface of the graphitic carbon, the differential heat of adsorption is essentially 
constant and that the adsorption isotherm is well described by the Langmuir equation (2). This gives an indication 


* For adsorption on graphite the magnitude of this term {fs considerably less than that of the repulsic:n term and 
does not compensate the latter, as was assumed in (8). 
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TABLE } 


A Comparison of the Calculated Energics of Adsorption, ~ ®, of various hydrocarbons on the basal 
planc of graphite and the differential heats of adsorption, Q, , on graphitic carbon, 


| 
Hydrocarbon | «-10% crt] x-10°° cn? em mole kcal/mole 
/mole 
n-Butane 3.7 2.86 8.12 8.2 2.9 8.3 8.6 
1-Butcne 3.7: 3.6 2.98 7.8 68.0 | 2.54 7.5 8.2 
n-Pentane 3.7 2.86 9.95 104.1 3.54 10.1 10.0° 
copentane 
3.7 2.86 6.78 | 71.0 | 2.41 | 6.9) 
Cc 4,2 1.75 0.061 12.3 0.379 0.66°8.0 
CH, 5,7 0.59 2.26 23.8 | v.8u9 | 0.48f 
Cyclopentanc 3,7 2.86 9,10 04.7 3.24 0.3 
1-Pentene 3.7, 3.6 2.94 9.75 86.38 3.19 9.3 — 
n-Hexane 3.7 2.86 11.78 123,0 4.19 12.0 11.9 
I-Hexene | 3-7:3.6] 2.02 | 11.55 | 106.0 | 3.84 | 41.2 _ 
Benzene 3.55 3.20 10.32 92,0 3.37 [10.8 10.0 
. 3.7 2.86 | 1361 | 11.9 | 4.84 113.8 13.4° 


* The heats of adsorption of the vapors of n-petane and n-heptane were measured, as in [2], by 
G. L Berezin, I. A. Lygina and the authors of the present paper, 


of the uniformity of the carbon surface and permits the assumption as to the equivalence of the elementary acts 
over the region of small coverage, In the second place, it is necessary to assume that the energy of the ad- 


sorption bond does not depend on the temperature; in the case of the adsorption of the hydrocarbons on graphite 
this {s approximately Justified, Further investigations are also needed here, : 


In Table 1 there are compiled results of the calculations of the energy of the adsorptive bond and the values 
of the differential heat of adsorption on graphitic carbons, 


It {s to be seen from Table 1 that the theoretical calculations not only give a correct qualitative description 
of the passage (rom one hydrocarbon to anothér but also are in good quantitative agreement with the measured 
differential heats of adsorption, Thus die energies of adsorption of the hydrocarbons on graphite are satisfactorily 


described by the theoretical calculations, 
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A DYNAMIC METHOD FOR STUDYING THE STRUCTURES AND THE SPECIFIC 
SURFACES OF ADSORBENTS 


Vv. T. Bykov and O. E. Presnyakova 


(Presented by Academician M, M. Dubinin, August 25, 1956) 


The initial process in the case of monomolecular adsorption by coarsely porous and by nonporous adsorbents 
is largely determined by the magnitude and the nature of the adsorbent surface, On the porous structure of the 
adsorbent depends the completion of the sorption process by polymolecular adsorption and capillary condensation 
or capillary stratification (1- 3]. Under dynamic conditions the adsorption by porous bodies can be separated 
into the two periods “before breakthrough® and “after breakthrough” [4]. The "before breakthrough” period {s 
characterized by a steady rate of sorption in the course of the basic process of monomolecular adsorption. A 
diminishing velocity of adsorption characterizes the “after breakthrough” period, Here, the determining factor 
is intemal diffusion which depends, to a large degree, on the structure of the adsorbent; thus, by investigating - 
the dynamics of sorption it is possible to obtain some conception as to the structure of the adsorbent. 


TABLE 1 For studying the structure of adsorbents 
on this basis we have followed the method of 
The Magnitude of the Adsorption, a, expressed {1 milli-molecular — probes which has been proposed 
moles/g, obtained under static and dynamic conditions by M. M, Dubinin (5, 6], so modifying it that 
of measurement. the experiments of molecular probing were 
carried out under dynamic conditions at those 
Using benzyl velocities of flow of the solution which assured 
Wing alcohol the establishment of adsorption equilibrium. 
Whereas, in the study of adsorption from 
solution by static methods,decisions concerning 
the process of adsorption must be reached from 
2 040 1.7/0 | +.790 | 1.200 | 4.170 the initial and the final data alone, without 
1.653 | 4. 1.450 | 1.420 | 0.945 | 0,890 there being any possibility of observing those 
0.690 0,£60 | 0.571 | 0.245 | 0.246 very interesting features which are connected 
oun with the kinetics of adsorption, the passage to 
0.412 0.354 | 0.338 | 0.166 | 0.135 dynamic conditions of experimentation permits 
. judgements as to the velocity of the sorption 
process and the structure of the adsorbent to be 
reached on the basis of the shapes of the re- 
sulting discharge curves, 


Various high molecular compounds; phenol, benzyl alcohol and thymol(5-methyl-2-isopropylphenol 
were selected as molecular probes, Carbon tetrachloride, an inert and weakly adsorbed substance, served as the 
solvent. 


tatic dyna” static (dynamic 


Technique of Investigation. The substance which was to undergo adsorption was passed in carbon tetrachloride 
solution through a layer of the sorbent in a chromatographic column. In our experiments the flow of solution did 
not exceed 10-15 ml/hour, The layer of sorbent had a fixed height of 7.5 cm. Thus, as far as possible, constancy 
of experimental conditions was assured, For the development of the discharge curves, samples of the solution 
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which had passed through this layer of sorbent were collected at every 9.5 ml and their content of adsorbed 
material was measured, The content of adsorbed material in the discharged solution was determined by inter- 
feromctry. 


The results are represented graphically, with the volume of the test solution passed through the sorption 
layer plotted on the axis of abscissas and die concentration of the discharged solution, as read from a calibration 
curve, plotted on the axis of ordinates, 


mmoles/g 


moles/liter ol \ 


sml 
Fig. 2. The relationship between the 


Fig. 1. Discharge curves for solutions of amount of adsorption and the size of 
various concentrations of thymol in CCl, the molecule which {s being adsorbed, 
on sample No, 55, Sample: 1) 171-b 2) 172-b 3) 55 
1) 0.49 millimoles/liter 2) 0.359 milli- 4) 173-b 5) KSK 6) KSM 
moles/liter 3) 0,208 millimoles /liter 


4) 0,161 millimoles/liter It was, first of all, necessary to be assured of the 


establishment of adsorption equilibrium in these dynamic 
experiments, A comparison of the amount of adsorption, 
determined under dynamic and under static conditions, is presented in Table 1; ft shows that adsorption equil- 
ibrium was attained in our dynamic experiments carried out under fixed conditions, 


Ir was further necessary to determine the influence of the concentration of the solution of the molecular 
probe on the form of the discharge curves obtained under steady conditions, We developed discharge curves for 
solutions of thymol in carbon tetrachloride, using adsorbent 55, (suifunit), and changing the concentration of the 
thymol from 0,161 to 0.495 millimoles/liter, Le., threefold. The areas bounded by the discharge curves and 
the coordinate axes are, practically, superposed, as is to be seen from Figure 1, It is thus possible to suppose 
that monomolecilar coverage of the adsorbent surface has taken place during adsorption from solution and that - 
the magnitude of the adsorption and the specific surface of the adsorbent can be determined from the corresponding 
area. 


The influence of the form and the dimensions of the molecule of the substance undergoing adsorption, Le., 
the molecular probe, is brought out by dynamic experiments on the individual adsorbents, For adsorption on 
highly dispersed bodies a decrease in the available surface area of the adsorbent accompaniesan increase in the 
dimensions of the molecules of the adsorbate, A decreasing linear relationship was established between the 
magnitude of the adsorption, the area occupied by tie molecule of the adsorbate and the nuinber of carbon atoms 
in this molecule (Figure 2), The area occupied by the molecular probe was determined by us on a standard silica 
gel, KSK. 
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' The discharge curves for the standard silica gels KSK and KSM,when developed dynamically under steady 
E conditions with soluttons of any one of the alcohols showed marked differences, The area which {s bounded by 
i the discharge curve and the coordinate axes, concentration and volume of solution, s proportional to the specific 
: surface area and differs markedly for diese standard adsorbents KSK and KSM, as fs shown in Figure 3. According 
to the forms of their discharge curves, the vartous natural adsorbents occupy a certain intermediate position. 


The porous structure of certain natural adsorbents of varying Faz Eastern origin was investigated under 

L: “dynamic conditions by the method of molecular probes (32 samples, using three molecular probes), Under 

: ; dynamic conditions of experimentation the method of molecular probes can give a quantitative characterization 
: of the porous structure of an adsorbent. The value of the adsorption limit, Ap. can be split into two factors : 
a, the magnitude of the adsorption before *brcakthrough” and a,, the magnitude of adsorption from *break- 

7 through” to complete saturation, 

; 
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; Fig. 3. Discharge curves using phenol (a), benzyl alcohol (b) and 
: thymol (c) in CCl, solutions with standard silica gels, See Figure 2. 
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Fig. 4. Discharge curves using phenol in CCly solution on diatomites (1,2), 
decomposed fresh muffs (3-5), and gubrin (6), For comparison the discharge 
curves for KSK and KSM have been plotted also. Samples: 

1) 345 2) 327 3) 55 4) 172-b 5) 173-b 6) 304 7) KSK 8) KSM 


For coarsely porous adsorbents the quantity a, will, for the most part, determine the adsorption capacity, 
the magnitude of a, being small, For finely porous adsorbents at a sufficiently high value of a, the magnitude 
of a, can also be large, The values of a, and a, for a number of natural sorbents and standard silica gels are 
given in Table 2, 
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The natural sorbents can be classified according to 
the forms of their discharge curves: the diatomites have, 
A Comparison of the Amount of Material for example, discharge curves which would relate them 
Adsorbed on Varlous Adsorbents (milli - to the coarse porous sorbents, gubrin acts as a finely 
moles/g) up to Breakthrough (a4) and from porous sorbent, and so forth (Figure 4). 
Breakthrough to Saturation 


TABLE 2 


It is clear from the experimental data that the 


application under dynamic conditions of the method 
Adsorb- ee See of molecular probes makes it possible : 
ent 
1) to relate the kinetics of the adsorbtion process 
to the porous structure of the sorbent; 
KSM | 1.770] 0.304 | 1.008 | 0.162 2) to employ a simple dynamic technique. with 
the determination of the concentrations in the discharge 
172 | 0.262 | 0.261 | 0.095 | 0.069 fluids either by interferometry of by refractomety; 
173 | 0.624 | 0.088 | 0.112 | 0.134 
55 | 0.351 | 0.070 | 0,052 | 0.083 3) to obtain an idea as to the structural type of an 
223 | 0.274 | 0.095 | 0.044 | 0.038 


investigated adsorbent and to determine its specific area, 
with small expenditure of time, in dynamic experiments 
extending from two to four hours ; and 


4) to obtain a quantitative characterization of the porous structure of an adsorbent by additively com- 
pounding the adsorption before and after "breakthrough," 
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THE THERMOELECTRICAL PROPERTIES OF THE SILICIDES OF CHROMIUM 


L. N. Guseva and B. I. Ovechkin. 


(Presented by Academician L P. Bardin, August 6, 1956) 


The investigation of the electrical and the thermoelectrical characteristics of the alloys of chromium with 
silicon is of interest in connection with the search for materials which would possess the properties of semi- 
conductors. 


Chromium forms a series of chemical compounds with silicon. The compositions of the compounds CrSk, 
CrSi and Cr,Si have been established and their crystal structures have been studied [1]. There are data pointing 
to the existence of silicides of the compositions Cr,Si [2] and CrsSi, (2, 3). A study of the phase diagram. which 
we have carried out by x-ray analysis and by analyses of microstructures, has failed to disclose these latter two 
compounds and has shown the existence of a single intermediate phase, of the composition Cr,Si3, between the 
compounds CrSi and Cr,Si. 


There is a lack of information concerning the thermoelectrical properties of the alloys of chromium and 
the data on their electrical properties fs, also, very limited. Data on the specific resistance of the alloys of 
chromium with silicon is presented in [3]. These authors employed silicon which contained up to 1.¥% of metallic 
contaminants and their data cannot, therefore, characterize the electrical properties of the individual silicides, 


mv/deg We have studied the electrical and the thermoelectrical 
+/00 properties of the separate silicides and of the heterophase 
alloys which are rich in silicon, 


The alloys, with barium chloride as a flux, were 
fused in quartz crucibles in a high frequency furnace. 
Electrolytically refined chromium and silicon of 99.8% 
purity served as the starting materials, Homogenizing 
annealing was carried out for four days in vacuum and at 
1100°, and was followed by a water quenching. The phase 
compositions of the silicides of chromium were established 
by x-ray and by microstructural analyses, Their properties 
were determined by the compensation method using a 
potentiometer of the type PPTV-1. The thermoelectric 
Fig. 1. The thermoelectric power, a(a) power was measured against copper, 
and the specific conductivity, o(b) of the 
quenched alloys of chromium and silicon . 


wt. % Cr 


After its smelting, the alloy of the composition 
CrsSis proved to be porous; it was, accordingly, pulverized, 
pressed and sintered, after which its properties were studied, 


The results of the measurements are presented in Figure 1. The conductivity of the alloys in the heterophase 
region from 0 to 40 weight per cent Cr shows an insignificant increase with increasing content of chromium and 
for the compound CrSi, amounts to about 150 ohms “!.cm +, With the appearance in the alloys of the silicide 
CrSi (at concentrations of chromium exceeding 48 weight per cent) o electrical conductivity sharply increases, 
attaining at 65 weight per cent,Cr a maximum value of 4000 ohms #-cm “a, 


i 

ohm” 

| 


The thermoelectric power of dic alloys also changes with thefe composition, At small contents of chromium 
the diermoclectric power falls to zero, changes in its sign, and, increasing in proportion to the increase in the 
chromium concentration, reaches a maxtinum positive value at a composition near to that of the compound 
CrSi. In the region of compositions hounded by the silicides CrSi, -CrSi the thermoelectric power falls to 
107 invAlegree, 

The thermoelectric power and the clectrical conductivity of the silicide CrSi, do not depend on {ts previous 
thermal working. 


Data on the electrical conductivity and the thermoelectric power of the individual silicides are given in 
Table 1, 


Ir is to be seen from this table that, in terms of thermoelectric power and electrical conductivity, only the 
compound CrSi, can be classed as a substance of the semiconducting type ; for this we therefore carried 
out an investigation of the relationship between the conductivity and the thermoelectric power over the interval 
of temperature from 20 to 60% (sce Figures 2,3,4). 


From the curve showing the change of o with temp- 
erature (Figure 2, b) it is obvious that up to 400° there fs 
a gradual fall in the conductivity of the CrSi,. With 
further increase in the temperature, however, there is ob- 
served a rise in the conductivity,and the winiconducting 
nature of this compound is thus confirmed, 


TABLE 1 


Compound 


Compesizion, Wt. %,Cq 65.0 | 79.4 | 84. In Figure 3 there {s presented a seiilogarithmic plot 

a +107, ypv/deg of the conductivity vs,the reciprocal temperature, from 
which it follows that the conductivity at the low and the 
conductivity at the high temperatures are of different 
character. Up to 400° the electrical conductivity is 

principally determined by the carricrs of the additives; for still higher temperatures it is fixed by the carriers . 

of the basic substances, Over the region of intrinsic conduction the increase of the electrical conductivity with 

temperature follows an exponential law and is covered in the graph by a straight line. The width of the energy 

gap for this silicide can be determined from the magnitude of the tangent of the angle of inclination of this 

straight line to the axis of abscissas, It amounts to 1,3 ev 


AEcnsi, erg 113 ev, 
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The temperature dependence of a {s also shown In Figure 3, In the region of additive conduction the thermo- 
electric power increaces with temperature from 90° to 140° 10°? millivolts/degree, On entrance Into the 
region of intrinde conductivity Its value falls to 80° 10°? millivolts/degree at 610%, This change of the thermo- 
electric power with temperature follows the law which has been deduced for electrom and hole semiconduction(4}, 


Through the electrical and the thermoelectrical propertics of the silicides of chromium it {s thus shown that 
the compounds CrySi, CrgSiz and CtSi are conductors of the metallic type ; the compound CrSi, is a semi- 
conductor having an energy of activation of approximately 1.3 ev, 
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A RADIOMETRIC STUDY OF THE CHROMATOGRAPHY OF DI- AND TRIVALENT 
IONS OVER THE INTERVAL OF CONCENTRATIONS FROM 10°! TO 107° N 


S. Yu. Elovich and V. N. Prusakov 


(Presented by Academician A. N. Frumkin April 24, 1956) 


The development of theoretical work in the field of chromatography has led to the conclusion that the 
chromatographic processes depend on factors of physicochemical equilibrium as well as on transfer phenomena, 
Attempts at solving the chromatographic problem in its general inathematical form have led to extremely com- 
plicted equations, the exact solutions of which cannot always be obtained [1]. 


In this work we have set ourselves the task of evaluating the role of transfer phenomena in the chromatography 
of di-and trivalent ions over the interval of concentrations from 10 * to 10° N. 


It is possible to embrace so wide a range of concentrations by using the radioactive isotopes Ce™ and sr”, 
without carriers, The technique which we have employed was characterized by the fact that the movement of 
the ions through the column was followed radiometrically with the aid of a method of coincidences. In view of 
the strong adsorption of the 8 radiation from Sr® (E~1.5 Mev) by the walls of a glass column, we constructed 
a column with walls of x-ray film of 0.1 mm thickness, 


Count of coincidences 


2” 0 100 
.Distance from top of column 


omm 


Fig. 1. The dynamics of the sorption of Ce out of a 0,01 N CeCly solution. 
Volume velocity of flow, 0.5 ml/cm? *min. 


As an adsorbent we employed the cation exchanger KU -2 with a capacity of 1.9 mg-equiv/ml, This sub- 
stance has the one functional group, HSOs. 


We first investigated the dynamics of adsorption of the fons of Sr” and Ce on a column containing 15 g 
of the pulverized (40 mesh) cation exchanger Ku-2 in the H form, The general course of the dynamics of the 
sorption on this adsorbent is shown in Figure 1, It is clear that after the period of the establishment of the front 
of the Ce® ions, a regime of parallel transfer is maintained, It is possible to prove that for both the divalent 
Sr* and the trivalent Ce*® fons there is valid the well-known equation of Shilov; 


| 


—+, (1) 


where @ is the time of the filtration of the solution, L is the length of the employed layer of the adsorbent arid 


T fs the time for the establishment of the front. The velocity of the movement — this front is subject to the 
Shilov equation: 


Here u is the | linear flow velocity of the solution; Cz, is the cbibcaneation of the metallic fons in solution : Wwe 
is the adsorbed quantity of cations on 1 ml of exchanger in the exhausted layer and a is the empty volume in 
the layer of adsorbent, Thus, knowing the constants for ionic exchange of the ions St and Ce*¥, we can cale- 
ulate the rate of movement of the fon front. The constants for the exchange of Ce**- 1% and Sr*t-H+, as 
determined by us, are respectively equal to 2,94 and 1.72, 


Making use of the Nikolskoy equation of ion exchange: 


(where f is the activity coefficient; Cyye ,Cyy are, respectively, the concentrations of the metallic and the 


hydrogen fons q,; {is the quantity of the adsorbed hyarogen fon and Z is the fonic chaege), we can calculate the 
velocity of the movement of the fon front under equilibrium conditions, 


The results of a comparison of the calculated and the experimental values are presented in Table 1, 


TABLE 1 The data of Table 1 show that it is possible to 
calculate the velocity of the ion movement along the 
column under changes of concentration ranging from 
0,005 to 0,1 N for the metallic fons and from 107? to 1.2 N 
for the hydrogenion, The process proceeds under conditions 


Velocity of which approximate those of equilibrium, 
tof th 
_ pace ya Piece A comparison of the form of the fronts (Figure 2) 


calcu-experi- shows that a compression of the front is brought about by 
lated mmensst the passage from low to high concentrations, At a con- 
centation of 0.3 N this compression ceases and the front 
becomes stable. Thus, from this most sensitive criterion 
of the dispersion of the front, it is possible to conclude 
that it is permissible to neglect the phenomena of transfer 
under the customary conditions of chromatography, with 
volume velocities which are equal to 0,5-1,0 ml/cem* min 
and under ion concentrations which are greater than 0.1- 
0.3.N. The role of ultra-small concentrations of fons was 
‘cleared up by the study of displacement chromatography. 


The balance equation in terms of the displaced fons can be written for an infinitely thin section of the 
column as: 


The Movement of the Fronts of ce”? and sr” 
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Fig. 2, The influence of the concentration of the filtered 
solution on the diffusion of the sorption fronts of the Sr and Ce 
fons. Volume velocity of flow, 0.5 ml/cm**min. A) SrCh! 
0,005N, b) 0,01 N, c) 0.1N,d) 0,3-0.4N ; B) CeCl,: 
&) 0,01 N, b) 0.1 N, c) 0,3-0.5 N, 


In writing down this equation it was assumed that the solution moves untformly through the pores of the 
charge and that the volume of the cation exchanger remains unchanged during the process. Also, no account was 
taken of longitudinal diffusion, The justification for this last was tested with the aid of Ce, A column on 
which there was adsorbed a micro-zone of cerium was filled up with 1.4 N HCI and was allowed to stand for 
several days, The distribution of the active zone was scarcely changed thereby. It is clear that the migration 
of fons along the column could be neglected in our experiments, 


During the displacement of metallic fons from the column by hydrogen fons of varying concentration, 
and the change in adsorption, on as well as on Cen In general Cue 


and Cy; depend on time, and on other parameters as well, 


O9me , Mme Cy 


Intoducing the sumbolism and = (C,,)and substituting into the 


balance equation, we have: 


oc 6c e oC, 6c 


A similar equation {s also valid for the phenomenon of liquid molecular chromatography with an exchange 
mechanism of the molecular adsorption, In the = case where C4, +C,,=constant, integration of this 
equation leads to the formula: 


dite (Coe) — Ine (CH) 


. Here ¢ is the time and and x is the distance measured along the column. cage 
eb eb 
d 
0 
| 
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Thus the velocity of movement of the crosseectional zone must be determined by the difference of the two 
derivatives, 


Distance from top of column 


Fig, 3. The dynamics of desorption of Ce (by 1.4 N HCl 
solution). Volume velocity of flow 1 ml/cm?- min, 


In the case of equivalent fonic exchange and constant adsorption capacity, it is possible to write: 


Cy= Cue Cui S= Ine + (8) 


where Cy is the concentration of the displacer and S is the capacity of the ton exchanger, Equation (6) then 
goes over into the following: 


. Introducing here the value of the derivative taken from the {sotherms for the two and three valent ions {Equation 
(3)), we obtain: 


for the ton; 


Co— 


Us 
Ime (Co — + 2 Che) 


Core (S— Gime)” + (Co— Care) 


ky = ky 

Thus, in equilibrium displacement chromatography the —— of the movement of the front depends on 
a series of parameters, 

Under constancy of the concentration of the displacer, Cg, and of oe relationship between the activity co- 
efficients, the isotherm for ultra-small concentrations of Ce’ and of Sr can be written as Wie = 4Cue 
In these conditions equations (10) and (11) go over into (x/t)}Caje = ‘+ q «and alll of the points on the wave 
mu‘t move with a steady velocity, as has been pointed out earlier, (2 
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Ih Figure 3 there Is shown a typical picture of the dynamics of the disptacement of cerium fons by hydro- 
chloric acid, In Figure 4 there are plotted the experimental points from one of our runs, The points Iie nicely 
on the calculated curve. 


Thus, even for displacement chromatography under conditions such that macro-quantities are adsorbed at 
velocities of liquid movement ranging from 0,5 to 1 mi/cm* min, it is possible to make use of the Roveares 
of equilibrium chromatography. 


cm/hour In the adsorption of ultra-small quantities of 
and of Sr” we employed a narrow, highly radioactive, 
ring in the upper part of the column, The charge of the 
adsorbent was approximately 10° of its capacity. After 

. adsorption the column was washed out with hydrochloric 
acid of another concentration. Here the constancy of the 
velocity of the movement of the cross-sectional! zone 

- was not observed, Equation (9) clearly ts not valid, It 
follows that with ultra-small concentrations under our 
conditions, it is necessary to take the phenomenon of 
fonic diffusion into account even at small volume vel- 


ty of movement 
of the concentration 
point 


Veloci 


Concentration of the adsorbed ions, 844, 


Fig. 4. The concordance between the ex- ocities of movement of the liquid current. The vel- 
perimental points and the theorctical curve ocity of the diffusion process becomes material then for 
for the displacement of the fons of Ce and the over-all process, 

Sr by HCl solutions, a) C,=1.2g-equiv/liter 

=0.5 ml/cm**min; b) Cy=0.3 g-equiv/Liter LITERATURE CITED 
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THE USE OF INFRARED ABSORPTION SPECTRA IN STUDYING THE 
SENSITIZATION OF THE PHOTOOXIDATION OF ORGANIC COMPOUNDS BY 
ANTHRAQUINONE DERIVATIVES 


A. V. Karyakin and A. V. Shablya 


( Presented by Academician A. N. Terenin, July 14, 1956) 


Many investigations [1] have been concerned with the study of the sensitized oxidation of organic compounds 
and the number of such works has continually increased in recent years. To the sensitized oxidation of those 
organic compourds which we have studied there has already been devoted the following work. The photo- 
chemical oxidation of benzaldchyde under the action of ultraviolet light has been studied by many investigators 
and the fact was established that this is a chain reaction with a quantum yield of 10,000 (2). This reaction has 
been sensitized to visible light with the aid of benzophenone, acetophenone and other substances [3]. It was 
shown at the same time that rhodamine 6G and auromine did not induce this chain reaction. The photooxidation 
of tetralin could, however, be brought about by using derivatives of anthraquinone as sensitizers [4]. It should 
be noted that the sensitized oxidation of ethyl alcohol can be induced by derivatives of anthra quinone (5). 


In recent years there have appeared the numerous papers of Schenk on the photosensitized oxidation of 
various organic substances, including isopropylbenzcne, using fluorescent dyes (eosin, chlorophyll methylene blue, 
and others) in the presence of oxygen (6). 


In all of the above mentioned reactions of photooxidation of organic substances a manometric method was 
applied for following the consumption of oxygen. 


Experiments on the use of anthraquinone and {ts derivatives for sentsitizing the photooxidation of benzal- 
dehyde and tetralin in visible light were carried out in our laboratory [1]. Here the products of reaction of 
sensitized photooxidation of the benzaldehyde and tetralin were determined through infrared absorption, just 
as in the case of the direct photooxidation of organic substances [7]. 


It was the aim of the present work to investigate the use of anthraquinone and {ts a -and 8 -oxo and amino 
derivatives for sensitizing to visible light the photooxidation by molecular oxygen of benzaldehyde, tetralin 
and isopropylbenzene (cumol). These substances were selected by us because of the fact that there is a marked 
difference in the action of oxygen on their excited molecules. In the vaporous form and in the absorbed state, 
the fluorescence of anthraquinone and its 8 derivatives is strongly quenched by oxygen, whereas the fluorescence 
of the a derivatives is scarcely suppressed at all (8), Utilizing the various derivatives of anthraquinone as 
photosensitizers for the oxidation of organic compounds, it is thus possible to correlate the initial stages of the 
sensitization of the oxidation reaction with the quenching of fluorescence, 


The sensitized oxidation of these organic compounds was carried out in the apparatus described earlier (7) 
and was followed through the absorption bands at 6800 and 4220 cm~! (OH) in the near infrared region of the 
spectrum, using an automatic infrared spectrometer with a quartz prism. High-pressure quartz mercury lamps of 
the types SVDSh-250-Z and SVDSh-500, in combination with various glass filters for the separation of those parts 
of the spectrum which were absorbed only by the sensitizer, were employed as the source of light. A water 
filter (a 50 mm layer of water) served for the absorption of the infrared radiation of the mercury lamp. 


‘The concentration of the sensitizers—the derivatives of anthraquinone in the organic substances — ranged 
from 1074 to 10°§ moles/liter, 


A solution of benzaldehyde in (1%), containing either anthraquinone or -aminoanthraquinone, 
thowed the following changes in the infrared ahsorption spectrum after illumination at A> 400 my (quartz mere- 
ury lamp SVDSh-500 with filter ZhS-12) for five hours under continuous aeration with oxygen (at a velocity of 
0.2 liters per minute), At 4220 cm“! there appeared an absorption band which corresponded to the band found 
at approximately this same frequency in the spectrum of benzoic acid in CCly. At the same time there was 
noted a decrease in the intensity of the absorption bands at 4525 and 4435 cm“! whfch are associated with the 
vibrations C-Ha,. Using a -aminoanthraquinone, or a simple solution of benzaldchyde, no change in the infrared 

tion spectrum was noted as the result of illumination at these same wavelengths under simultaneous 
aeration with oxygen, Hence, in the cases of anthraquinone and 8 -aminoanthraquinone there is a direct relationship 
between the possibility of sensitizing the photooxidation of benzaldehyde and the extinction of fluorescence, 

Similar conclusions could be drawn from a comparison of the quenching of the fluorescence of anthraquinone and 
six of its derivatives by oxygen and their sensitization of the oxidation of tetralin, In the case of tetalin it 
was possible to utilize larger quantities of the anthraquinone derivatives for sensitization since the natural absorption 
of tetralin begins only at A> 320 my. Because of the low rate of the sensitized reaction of the oxidation of 
tewalin and in order to exclude secondary dark reactions, we employed here a more powerful source of ultra- 
violet light ; namely, a quartz mercury lamp of the type SVDSh-500 in combination with a BS-7 filter which 
transmitted wave lengths A>320 my, the experiments extending over eight hours, The existence of sensitized 
oxidation of the tetralin was established by the appearance of the band of the first OH (2) overtone in the 
near infrared absorption spectruin at 6800 cm™! (Figure 1, II). The photooxidation of tetralin was sensitized 
by anthraquinone,8 -oxy-and 6 -aminoanthraquinone, anthranol and qa -chloroanthraquinone, With a -oxy, a- 
aminoanthraquinone and 1,4 dioxyanthraquinone no oxidation was detected. 

Frum the absorption spectra it was established 
that anthraquinone is approximately twice as effective 
as its derivatives in sensitizing the photoreaction of oxi- 
dation, the sensitizing action of these derivatives being 
approximately the same, 


3 


The experimental data point to a close inter- 
dependence between the sensitizing action of anthra- 
quinone and its derivatives, the strong quenching of the 
fluorescence of these compounds by molecular oxygen 
and the phenomenon of retarded fluorescence, i,e,, the 
existence of a triplet level, 


% tramsmission 


The same conclusion could be drawn from the 
sensitization of the oxidation of isopropylbenzene by: 
anthraquinone, and 6- aminaanthraquinone, for which 
the sensitizing reaction proceeded much more slowly 
than in the case of tetralin, all other conditions being 
the same, 

The quenching of the fluorescence of the derivatives 
of anthraquinone was earlier explained [8] in terms of a 
tansition of the excited molecules, resulting from their 
collisions with O, and leading into a metastable triplet 
state, which for 8 -am{inoanthraquinone was situated 


% transmission 


oan ~ 0,2 ev lower than the singlet level. Fluorescent quenching 
0 does not occur when the distance between these levels fs 
. 8500 8000 7500 7000 6500 definitely greater than 0,2 ev as it is, for example, in 
a b a -aminoanthraquinone (0,8 ev). In the triplet state the 
molecule, as a result of the existence of-two unpaired 
Fig. 1. I) benzaldehyde, I) tetralin; a, _ electrons, is capable of uniting with an unsaturated oxygen 


before and b, after oxidation. * 


molecule which functions as a biradical, there being formed 


*Subscripts: al = aliphatic; ar = aromatic, 


an unstable oxide complex (10). The quenching of fluorescence Is, therefore, an indication of the union of 
oxygen with an optically excited molecule which has a close lying triplet level. 


From the data of the Iterature (2, 3, 5, 6) and on the basis of a comparison of the associated phenomena of 
sensitization and fluorescence {tis possible to draw the following eepetectons concerning the mechanism of 
sensitizing the oxidation reaction. 


On adsorption of a quantum of light, the sensitizer passes into an excited condition andthea, under the action 
of the paramagnetic O, molecule, into a metastable (triplet) state 


(the symbol ~ designates an excess of vibrational energy). The biradical, i.e., the molecule in the twiplet con- 
dition, can combine with oxygen forming an unstable complex with the properties of a biradical. 


(2) 
eSe +0, -- eSOye. 


It is the biradical - SO,- which, with its enhanced chemical activity, is responsible for the sensitization of 
the photooxidation of the organic compounds, Thus, the following become the possible initial stages of the chain 
reaction of oxidation: 


a) the diradical -SO,- gives its electronic energy of excitation to the molecule which fs undergoing oxid- 
ation, carrying the latter into the state of a biradical, this transfer of energy having a high probability since a 
similar process takes place during sensitized Muorescence [1, 11), 


b) the biradical -SO,- dehydrates the molecule undergoing oxidation, forming a corresponding radical. 
Such dehydration of organic compounds must proceed with a smaller likelihood than does the transfer of energy, 
this process demanding a large quantity of energy for the rupture of the C-H bond, 


The sensitized oxidation of benzaldehyde occurs chiefly by means of a transfer of the energy of excitation, 
the benzaldehyde molecule being carried over into the form of a biradical.* 


oO Oc 
+540 
Ne Cc, 2 (3) 


Further development of the chain reaction is brought about by the benzaldehyde biradical, as was shown in [1, 7). 
The dehydration of the molecule of benzaldehyde by -SO,- is possible, but less likely 


fe) 
+ GH, —CZ + -SO,H 
H 


© This conclusion agrees with the results of a supplementary investigation of the possibility of sensitizing the 
oxidation of benzaldehyde with the 2 and 3 amino derivaties of acridine, one of which has a triplet level 
corresponding to A > 500 my and undergoes quenching of fluorescence, Despite these facts, neither substance 
sensitizes the reaction of photooxidation of benzaldehyde; acridine and its 6 derivatives do sensitize it, however, 
although in them the triplet level lies in the blue region of the spectrum at A< 500 my. 
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A metastable (triplet) state Is not known for tetralin or for tsopropylbenzene but, in analogy with benzene and 

its derivatives, {t can be supposed that these triplet levels would lic considerably higher, in the ultra-violet 

region of the spectrum, It ts consequently to be supposed that the transfer of the energy of excitation is unlikely 
and that the biradical -SO.- brings about the dehydration of the hydrocarbon with the formation of a corresponding 
biradical which initiates the chain reaction. 


The mechanism of sensitized oxidation of tetralin and, by —— that of isopropythengene, can be 
represented in the form of the cquation: 


++>CH 


*>CH+0,-> 


H. 
> +>CH, > ¢ ++>CH , etc. 
O- 


The regeneration of the sensitizer can proceed according to the following scheme: 


(6) 


> .S + 
2HO,*-+ + 0, om 


The present work was carried out under the direction of Academician A. N. Terenin to whom the authors 
express their deep appreciation , 
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CONCERNING THE NEGATIVE DIFFERENCE EFFECT ON MAGNESIUM 


D. V. Kokoulina and B. N. Kabanov 


(Presented by Academician A, N. Frumkin July 11, 1956) 


In the anodic dissolution of magnesium in aqueous salt solutions there {s a characteristic increase in the 
rate of evolution of hydrogen with increasing anodic current density which is known in the theory of corrosion as the 
negative difference effect, The negative difference effect is observed only for the active, easily oxidized, 
metals such as Mg and Al [1-4]. For magnesium there has been described a negative effect for salt solutions 
and a positive effect in solutions of HCI [5]. 


There are two hypotheses which explain this negative difference effect. The first of these correlates the 
increased evolution of hydrogen solely with an increased corrosion of the anode resulting from the destruction 
by anodic polarization of the oxidized layer which protects the metal [1, 3, 4, 6-8). The second hypothesis ties 
up the evolution of hydrogen exclusively with the fact that the metal in the anodic process enters solution, in 
part, in a lower valence form, (Mg, for example, as the univalent ion), and that the water then oxidizes it to the 
normal valence with the liberation of hydrogen, It is supposed here that the spontaneous dissolution of the anode 
at polarization, to all intents and purposes, does not occur [9,10]. The various experimental observations on the 
magnesium anode ~ the evolution of hydrogen after breaking the circuit (9], the direct proportionality between 
the rate of evolution of hydrogen and the density of the anodic current [7,8], the uniform velocity of the hydrogen 
evolution during the passage of direct and of interrupted currents of low frequency (60 cycles per second) (9], 
the reduction of oxidizing agents at the magnesium anode — all can be explained from either point of view. It 
can be doubted that the reduction of a solution of an oxidizer actually occurs during the introduction into it of an 
anolyte when there is no direct contact of the anode with a solution of an oxidizing agent which is definitely 
more stable in solution than fs the Mg* fon, since the magnitude of this effect Hes at the limit of the sensitivity 
of the measurements, It is thus so that the factual material available at the present time cannot serve as a 
convincing demonstration of the correctness of the one or the other of these proposed hypotheses, It was in this 
connection that the present work was undertaken, 


In anodic polarization at current densities larger than that which is associated with spontaneous dissolution, 
but smaller than that corresponding to the passivity of magnesium in the given solution, the steady potential of 
the magnesium anode does not depend on the current density. This potential {s subject, however, to a change 
with time which {s analogous to that which is observed with the aluminum electrode [1]. The change in po- 
tential with respect to time which results from the alteration of the current density fs indicated in Figure 1, The 
steady valucs of the potential at the two current densities are almost identical; however, immediately after a 
change in the current density the potential of the electrode proves to be different from this steady value, These 
changes undoubtedly indicate an alteration in the surface condition of the electrode ; immediately after de- 
creasing the current or breaking the circuit, the surface of the magnesium is, for several seconds, in a more active 
form than it is in its steady state under these same conditions. The question as to whether this change in the 
surface condition essentially influences the over-all rate of hydrogen evolution is one which remains open. 


We have measured the potential of the magnesium electrode and the velocity of hydrogen evolution in 
MgSO, solutions during the passage of anodic currents in the form of rectangular pulses for whici: the duration of 
the current flow and the current interruption were equal. In Figure 2 it is seen that the electrode potential was 
subjected to pronounced variations, the amplitude of which depended on the impulse frequency in such a way 


| 
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that the mean value around which these variations of the potential occurred was approximately 0.15 volts 
more negative than the stable potential for polarization by a direct current of the same strength. 


The anode undergoes activation during the passage of the current pulse and, over the interval of interruption 
of the current, passivation occurs. At high frequencies of the current pulses the surface will not succeed in 
completely passifying during the time of current interruption nor will it succed in completely activating during 
the time of current passage; in general, the spontaneous dissolution under these conditions should not be equal 
to that which is observed during the passage of a direct current.* If the spontaneous dissolution of the anode 
is the cause of interrupted difference effect it should follow that the velocity of evolution under an the negative 
current would differ from the velocity of evolution under a direct current of the same strength. If, on the other 
hand, the cause of the hydrogen evolution is the chemical reaction of the oxidation of the Mg* fon by water, 
then the velocity of evolution would be determined exclusively by the amount of Mg” which is formed in a 
unit time, which amount {s proportional to the density of the current which is transmitted and is independent of 
the existence of current {nterruptions and of changes in the surface condition. 


As is to be seen from Figure 3, the velocity of hydrogen evolution in MgSO, solutions proved to be the 
same for both the direct and the interrupted currents, being independent of the latter’s frequency and the con- 
centration of the solution and depending only on the density of the wansmitted current. Under a direct current 
the entire curve corresponded to an almost steady potential of~ — 1.75 v(n.c.e.p © whereas under interrupted 
currents of various frequencies it corresponded to an alternating potential,the mean value of which fell in the 
interval from -1.9 to -2,0 v(N.c.e.), The velocity in both cases proved, however, to be the same, Le., the 
velocity of hydrogen evolution at the anode did not depend on the potential. 


Fig. 1. The change in the potential of the mag- 
nesium anode under changing current density: 
1) for the increase from 7 to 67 ma/cm’, 

2) for the decrease from 67 to 7 ma/cm’, 

The segments a and a’ represent the potentials 
at a current density of 7 ma/cm*; the seg- 
ments b and b’ the potentials at 67 ma/cm’. 

1 N MgSO, solution. 


We also discovered the evolution of hydmgen 
on magnesium when the measured anodic potential 


Fig. 2. The change in po- 
tenial during the process of 


was from 0,4 to 0,6 volts more negative than the eq- 
ullibrium hydrogen potential (2 N MgSO, solution, 
with the addition of 0,5 M K,CrQ,, under an anodic 
current density of 20-30 ma /om*), Under these con- 


polarizing Mg by an inter- 
rupted current; 

1) 1000 impulses/sec 2) 100 
impulses/sec 3) 20 impulse 


ditions the resistance of the electrode, measured 
-with alternating current, aniounted tw about Lohm/cm* 
and this could not have given a 


sec 1 N MgSO, solution, Den- 
sity of current pulse, 51.3 ma/cm* 


* In comparing the velocities it is necessary to compare the amount of hydrogen liberated by the steady current 
over a definite period with the amount liberated by the interrupted current over a perioa twice this long. The 
velocity of spontancous dissolution would be the same for the steady and the interrupted currents only if it is 

true that the evolution ofhydrogen is retarded just as much in the first instantof passage of a current pulse as it is 
accelerated in the first instantafter the interruption of the current so that these processes mutually compensated one 
another; however, a balance such as this, which would be maintained over wide intervals of anodic current density 
and frequency of current pulses, is very unlikely, 

®eN.c,e, = normal calomel clectrode, 


significant distortion of the observed electrode potential. This resutt agreed with the supposition as to the en- 
trance Into solution of univalent magnesium; however, taking into account the great lack of uniformity of the 
surface, it was impossible to consider the hydrogen evolution at potentials more — than equilibrium as 
fully proven. 


These two experimental facts: the constancy of the velocity of the hydrogen evolution regardless of 
current interruptions and the electrode potential, cannot be explained in terms of the electrochemical processes 
of spontaneous anodic dissolution, but, on the other hand, served as confirmation for the supposition that the 
_clementary Ghocworhombcat act during the anodic dissolution of ——— is a single electron transfer with the 
formation of the Mg* ton, 


em¥cm?- min. We have measured the velocity of hydrogen evol- 

. ution during anodic polarization of magnesium in a 
series of solutions, The results of these measurements ~ 
are presented in Figure 4. In solutions of NH,Cl andHCl, 

‘4 with increasing current density there is first observed a 

eb diminution in the rate of hydrogen evolution (positive 

ec difference effect); under further increases of current 

mii density a minimum velocity fs reaced and there then 

moe occurs a reversal from posit ive to negative difference 

106 em" effect, with a velocity of hydrogen evolution close to 
that which is observed in neutral solutions, 


. On the basis of our experimental data we consider 
Fig. 3. The dependence of the evolution that the evolution of hydrogen at the magnesium 
of hydrogen from MgSO, solutions on the anode is determined by two factors: 1) the reaction of 
anodic current density, Polarization under chefnical oxidation of the Mg* fon by water, the rate 
a steady current: a) 1 solution, b) of this reaction, Vy, being proportional to the velocity 
0.1 N solution, Polarization under an In- of the dissolution of the magnesium and independent of 
terrupted current: ¢) 1N solution, d) the potential of the elect rode, the concentration and 
0.1 N solution (1000 impul sesf/sec), €) the composition of the solution, and, 2) the reaction 
1N solution (6 inpulses/sec), of spontaneous dissolution of the anode, the velocity of 
which, V3, depends on the electrode potential, the con- 
dition of its girface and the composition of the solution, The over-all rate of hydrogen evolution, if changes in 
the surface state are neglected, fs expressed by the equation: 


6.954 (2— 


where V¢ fs the velocity of hydrogen evolution without current, a; is a coefficient which characterizes the 
cathodic process of hydrogen evolution on Mg under the given surface conditions, 4 # is the displacement of the 
potential from the stationary value during anodic polarization, i is the density of the anodic current, in amps/cm?® 
n, fs the effectlye valence of the dissolving magnesium; 6.95 is a proportionality factor used for expressing 

the rate of hydrogen evolution in cm?/cm*+min. 


Equation (1) approximately describes the quantitative relationships which are observed during the evolution 
of hydrogen on the magnesium anode, With an increase of anodic current density the first term increases and 
the second diminishes.* Ona (V,4) curve there must accordingly be observed a minimum, the presence of 
which indicates a change in the sign of the difference effect from positive to negative. In neutral solutions, 
under all of the investigated current densities, there is found only an increase in the rate of hydrogen evolution, 
the velocity of spontancous dissolution being low and the minimum occurring at some tenths of 9 mi!lamp-re 


* lncreases, ae tat A y ee For an invariant surface condition 4 g should increase according to 


the equation { = —*— In actuality, and because of the activation of the surface, beginning 


ata certain current density, A om longer lacreases; conse quently the second term remains unchanged, or even 
Increases, since activation leads to a decrease of the hydrogen overvoltage, 


; 


per cm; in actd solutions both effects are observed, 


em¥cm*- min, 


ef 
eb «f 
4c eg 
ed 


oft 


cm? 


a08 


Fig. 4. The dependence of the rate of evolution of hydro- 
gen at the Mg anode on the current density; 

a) 1N MgSO, b) 4.6 N MgCl, c) 5NCaCh, d) 1N 
e) 0.5NNH,C1, f) 0.039N HCI, g) 0.117 N HCl. 


The evolution of hydrogen under current densities which are much greater than the current density of 
spontaneous dissolution 1s conditioned in each solution principally by one fact: the reaction of oxidation by 
water of the Mg* fon (or the radical MgOH) which {s formed through anodic polarization of the magnesium, 
Under certain definite conditions, however, an increase in the evolution of hydrogen {s, in part, brought about 
by anodic activation of the metal, if this 1s possible in the given solution, The inversion of the difference effect 


occurs because of the superposition of the reactions of spontaneous dissolution of the Mg and oxidation of the 
Mg* ton. 


' We wish to express our thanks to Academician A, N. Frumkin for his valuable advice. 


Note added during correction of proofs, During the printing of our work there appeared the article of 


Greenblatt (11) on the mechanism of anodic dissolution of Mg in NaCl solution, Her results agree with our con- 
clusions, ‘ 
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THE CONDENSATION OF AEROSOL PARTICLES BY ELECTROSTATIC ATTRACTION 
ON A CYLINDER AROUND WHICH THEY ARE STREAMING 


‘Natanson 


(Presented by Academician A. N, Frumkin July 12, 1956) 


The condensation of aerosol particles on a cylinder under the action of electrical forces plays a role in the 
operation of high tension lines (1) and in the filtration of aerosols by certain fibrous materials (2). This problem 
has been investigated in one particular case by Cochet [1] (see below), The condensation of aerosols out of a 


stream onto a spherical impediment under the action of electrostatic attraction has been considered by Cochet 
(3), L. M, Levin (4) and Kraemer and Johnstone (5). 


If there is designated by # a current function for flow around an infinite cylinder standing perpendicular 
to the stream, by F(r) the force attracting the particle to the cylinder,and by B the particle mobility, and if there 


is neglected the force of gravity, the particle's inertia and its Brownian movement, then, in polar coordinates, the 
components of the particle velocity will be 


,=—-= 


dt 


From this there {s obtained the differenttal equation for the trajectory of the particle 


dr 4 dO = d') = BrF (r) d9, 


the integral of which we will represent in the form: 
¢=1(0,C) 


(C is the constant of integration), 


When @—>*® , the trajectory of the particle will follow the flow line which fs characterized by the value 
@ = {6 =*,C), The coefficient of capture, ¢, of the particles by the cylinder is equal to 


| 
| | 
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where Ciim is the value of C for the limiting trajectory, the particles of which will be just captured by the 
cylinder, v, is the velocity of the unperturbed current, and a is the cylinder radius, 


We will set rg=a+R, R being the radius of the particle. A particle which ts moving along the limiting 
trajectory must, at the point of capture, (r=te, 9 = 9), have v, <0, For vr < Othe Iimiting trajectory inter- 
sects, and for v,;*0 grazes the surface, rt. If for =r, the condition v, < 0 is fulfilled for any value of @ 
from 0 tow, then the limiting trajectory passes through the point with the coordinates r=t, and 8 = 8, =0, 
Setting these values into (3) and taking into account the fact that for 9=0 and r=t¢, 9 =9,we obtain an expression 
for the determination of Cum 


which is valid when v, Owith and 9 =0, Le., when 


BroF (re) 6 


If for r=r the condition v, = 0 {fs fulfilled only in the event that 6 =, then the Limiting trajectory passes 
through the point with the coordinates r=re and 9 = 64, where the value of 9, is determined by the equation 
Yr =0 with r=ry and @=6,. Setting these values of the coordinates into (3) there is obtained an expression for 
the determination of Cj;_,: 


(ros 90) = F (1) 


which is valid when vp > 0 with r=rg and @=0 and in which 9, is determined, according to (1), by the ex- 
pression 


(r0)- (8) 


The value of the coefficient of capture, ¢, is calculated from the result found for C with the aid of (4). 
The formulas thus obtained are applicable for any type of central forces between the cylinder and the particles. 


We will now consider certain concrete problems, 


1, Charged cylinder and charged particles, If there is designated by p the volume density of the cylinder 
charge and bye the charge of the particle, then, when inductive forces are neglected, F (t) = 2" pea Yrs -. eS 
The integration of (2) gives in this case: 


(8,C) Bad + C. (9) 


Under those relationships of the problem parameters for which condition (6) fs fulfilled the value of Cy;,, 
is, according to (5) and (9),equal to Cy, * 0 and the value of €, according to (4) is : 


Bar wape 10 
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Here B ls determined by Stoke's resistance law and n {s the viscosity of the medium, The result obtained for ¢ 


does not depend on the nature of the function g, 


On the other hand, the nature of condition (6) and the expression for ¢ when (6) is not valid, depend on 
the character of the flow, When (6) Is no longer valid then according to (4), (9) and (7) ¢ =[Ba(r — 64) + 
+ For a potential flow (9 = va(r— a*/r)sing ) the magnitude of 64 is, according to (8), deter- 
mined by the expression Ba = a°/tg) cos and condition (6) takes the form Betz a® /ty). 


In Figure 1 there arc given trajectorics of ee for a potential flow, these having been calculated from 
Equation (9), 


2. Charged cylinder and uncharged particles, If 
the action of the particle on the fiel”’ of the 


is neglected, then F (r) = *p*a* 
where D, is the dielectric constant the particle, 
Equation (2) takes on the form 


dy do. (11) 
For r/a >> 1 (¢ >> 1) the cylinder does not act on the —— ® = vor sind, and (11) passes over into 


= BBS do, from which y = f(0,C) -[2 BBV 26) +c ]%, Condition (6) the 
form BB> ver3, When this is valid the value of ¢ is, ssaahdile to (5) and (4), equal to 


If condition (6) is not fulfilled, the value of ¢ can be determined from (4) and (7), inserting into the latter the 
result Ccos0 4 = BB /vg, obtained from (8), The solution for r/a >> 1 coincides with that obtained by Cochet 
[1] for the capture of falling droplets by a charged cylinder, if in place of vg there {fs inserted the Stoke's velo- 


city of sedimentation of the droplets, 


For (r~ a)/a =x << <<-1); r~ a and equation (11) takes on the form = BB d, Integration gives 
=f@,C)= +C, When condition (6) fulfilled the value of according to (5), equal to 
Clim 9. The coefficlent of capture is equal to 


Ber D,— 2n%%aR?® 


This expression does not depend on the character of the functiong, On the other hand, the expression 
for condition (6), and for ¢ when condition (6) is not fulfilled, “oe on the character of the flow, For poten- 
tial flow, = }, condition (6) takes on the form BB & where x» = a)/a = R/a and for 
viscous flow, = 2wax*sing, where 2w = Ve /(2,00— In Re) and Re = 2vga/v) When (6) is not 


valid, according to (4) and (1) = [ -04) + /vea, where for potential flow co16 =BB/2v4%x 
and viscous ftow Oe BB/2wa* 


¥ 
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8, Uncharged cylinder and charged particles, For << landr— >>R(¢ << 1) the interaction of the 
particle and the cylinderls equivalent to tre interaction of a point charge and @ planc, In this case F (1) = 


© “where D, Is the diclectric constant of the cylinder, Equation (2) takes the form 


diy 


For potential flow, after elimination of x, equation (14) passes over into "dp = 4By Vaa*sin’9 do, which 


(14) 


‘41 
gives » = £(6,C)= - ; sin 29) + c] A Condition (6) takes the form By = When 
pana latter fs fulfilled the value of ¢ is, according to (4) and (5), equal to 


When (6) is not valid the expression for ¢ is obtained from (4) 7 (7) by the substitution in the latter of the 
value = By/2vx§ , resulting from (8), 


For viscous flow, after the elimination of x equation (14) becomes dy = 2By wa* singd9, from which 
= £(0,C) =(-4Bywa® Condition (6) has the form When this condition fulfilled, 
according to (5), Cyjjn™ 4By wa", which with the aid of (4) on 


(16) 
When (6) is - valid, wang into account the fact that according to (8) cos@. = By/2wxé we obtain from (7). 
+ By Substituting into (4) there ts obtained 


w By w/R\3 , 


The first member of this express{on corresponds to capture due to simple contact, 


4, van der Waal's interaction between the cylinder and the particles, This effect can play a role in the 
process of filtration of aerosols by fibrous materials[6}, According to [6] the force of van der Waals interaction 
between the particles and the surface (x << 1, € << 1) {s equal to F = 27 "ARh*/xh?— p*)® where A is the con- 
stant of interaction (of the order 1074 — 1075 ezgs), and a is the distance from the center of.the particle to the 
surface, This expression, however, contains an error which has been introduced in the differentiation which 
leads from equation (5) to equation (6) of [6] and the corrected expression is F = 2r®ar®/a( — Ry, In the 
approximation a >>r—a >>R,F (r) = ARY/3a44 Equation (2) takes the form 


dy = db. 


(18) 


For potential flow,elimination of x gives p {dy = do from whichy =f (6 ,C) = 
2sin26 + sin 46 +c] condition (6) leads to Bk = 
When the latter condition {s valid ¢ is, according to (4) and (5) equal to 


(FS) “le Ry". 


When (6) {s not valid the expression for ¢ is obtained from (4) and (7) by the substitution cos O, = Bk /2vyx8 ‘ 
For viscous flow elimination of « from (18) gives g°dy = 4Bkw*a’sir?gdo, By integration we obtain 


= a*(0 tin 20) +c], Condition (6) gives Bk 2wx§, When this condition fs ful- 
filled ¢ is, according to (4) aby (5), equal to 


. 


(20) 


When (6) fs not valid the expression for ¢ is obtained from (4) and (7) by @ substitution of the value cos 6,4 = 
= Bk/2w«§ , which results from (8), 
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THE MEASUREMENT OF THE VAPOR PRESSURES OF THE SOLID 
SOLUTIONS Au- Ag and Au-Cu 
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An, N. Nesmeyanov, L. A. Smakhtin and V. I. Lebedev 


(Presented by Academician V. N. Kondratyev July 31, 1956) 


In the present work there were measured the partial pressures of the vapors of gold, copper and silver above 
the solutions which these element form with one another. These measurements were carried out by the Kriudsen 
effusion method, use being made of the apparatus which is sketched in Figure 1. This latter was a modification 
of the apparatus which has been developed {in our laboratory by Yu, A. Priselkov, 


The effusion chamber was constmucted entirely from molybdenum, which does not react with any of the 
experimental metals, The area of the effusion aperture did not exceed 1-103 cm’, thus assuring an equilibrium 
pressure of the vapors within the chamber. The heating of this chamber was carried out with an inductor which 
was fed from a higtr frequency generator. The temperatures were measured with a Py/Pt-Rh thermocouple which 
had been calibrated, in the apparatus, at the melting points of silver and of gold. The temperature was held 
constant to within 1°, 


Gold, silver and copper containing the radioactive tsotopes Auigg, Agia and Cug, were employed here, 


After washing out the condensate from the receiver and precipitating the element in question, with its 
carrier, (in the form of a sulfide in the case of gold, a bromide in the case of silver and with 8-oxyquinoline in 
the case of copper) the quantity of the vaporized metal was determined from the activity of the precipitate. 
The activity was measured on an apparatus of the type “B", using the counting tubes AMM-4, for the silver, and 
AS-1 and AS-2 for the gold and the copper, comparison being made with the activities of standards, These 
standards were prepared by dissolving weighed quantities of the active metal and then precipitating the reactive 
metal out of aliquot portions of the solutions, using the above described procedures, 


In order to more exactly determine the quantites of the vaporized metals in the cases of gold and copper, 
disintegration curves were plotted for each sample and for each standard. 


The pressure of the saturated vapor, or the partial pressure of a metal above its alloy, was calculated from 
the formula : 


17.14-m M 
t-s-K 7° 


where P fs the pressure of the vapor, expressed in'mm of Hg; m is the quantity of vaporized metal, in grams; 
& is the time of vaporization, in seconds; $ is the area of the effusion aperture, in cm’;T is the absolute 
temperature; M is the molecular weight of the metal and K {s the dimensionless coefficient of Clausing which 
takes into account the resistance of the effusion aperture to the molecular beam of the vaporizing metal. 
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Fig. 1. Apparatus for measuring the vapor 
pressures of metals, 

1) Water jacket 2) Receiver 3) Quartz 
cup for fixing the beginning and the end 
of an exposure 4) Effusion chamber 

5) Quartz mantle for screening, 6) Therm- 
ocouple 7) Position of attachment of 
quartz tube to the apparatus 8) Arm- 
ature of adjustor, 9) Armature of el- 
evating mechanism for the quartz cup, 
3,10) Mechanism for fixing the position 
of the quartz cup, 3 11) Line to vacuum 
system 12) Inductor for heating 13) 
Glass column for elevating mechanism 

14) Ground joint for introduction of 
thermocouple 15) Ground joint joining 
receiver to apparatus, 16) Bumper, 


Fig, 2, The partial pressures of gold (a) and of silver 
(b) in the Au- Ag system: 

1) pure gold, 2-6) systems with varying content 
of gold (at,%), 2) 81.3, 3) 68, 4) 60, 5) 29 
6) 15; 7) pure silver, 8-11) systems with varying 
content of silver (at.%), 8) 79.5, 9) 71, 10) 
44, 11) 18.7. 


From the experimental data there were developed 
the following equations for the saturated vapor pressure 
curves of gold, silver and copper: 


For gold in the interval of temperature from 800- 
1000°: 


log Ram = — 18016 / T + 8.683. 


For silver in the interval of temperature from 760 to 960°: 


log Pang — 14058 / T + 8.855. 


For copper in the interval of temperature from 900 to 1070°: 


log Ram= — 17320 / T + 9.320. 
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Making use of the experimental data on the saturated vapor pressures and the values of the cunts = d 


2), we have calculated the latent heats of sublimation of gold, silver and copper at the abso- 


lute zero, AH$ , and also the latent heats of sublimation of these metals, AHy, at the mfdpoints of the tempera- 
ture intervals over which the measurements of vapor pressures had been carried out, 
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Fig, 3. The partial pressures of gold (a) and 
copper (b) in the Au-Cu system: 

1) pure gold, 2-5) systems with varying 
content of gold(at, %); 2) 94, 3) 174.7, 
4) 34.7, 5) 10.13: 6) pure copper, 7-11) 
systems with varying content of copper (at. %); 
1) 83.8, 8) 70.4, 9) 50, 10) 29.6, 11) 10,34 
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TABLE 1 

Au. Ag Cu 
4H, kcal/mole 82.4 |64.4 19.3 
AH kcal/mole | 86.8 | 67.7 | 80.9 


The data obtained for the partial pressures of 
gold, silver and copper above the gold-silver and the 
gold-copper alloys are presented in Figures 2 and 3 where 
log p, 1/T relations have been plotted, 


The attempt was made to simultaneously determine 
the partial pressures of the silver and the gold above 
gold-silver alloys, For this purpose there were prepared 
alloys which contained the radioactve {sotopes of both 
silver and gold, The partial pressures of the vapors of 
gold and silver above these alloys are shown in Figure 
2 (alloys with 28.9 and 81.3 at, % of gold and with 
71,1 and 18,7 at, % of silver), 


From the resulting values of the partial vapor 
pressures and the pressures of the saturated vapors, there 
were calculated the activities of gold, silver and copper 
in the gold-copper and the gold-silver alloys, 


In Figure 4 there {fs shown the relation existing 
between the activities of gold and copper and their 
concentrations in gold-copper alloys (a) and between 
the activity of gold and of silver and the concentrations 
of gold-silver alloys (B) using the data obtained from the 
present work and from the work ofother authors. It is to 


0. 00 M00 at. % 


Au 


Fig. 4. The activites of gold and copper in the Au-Cu system (A) and of gold and silver | 
in the Au-Ag system (B); 1) gold, 2) copper, 3-6) silver(3) original data, 4) data 


from [1], 5) data from (3), 6) data from (4). 
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be seen that the activity of silver in the irvestigated gold-silver alloys agrees very well with the activity values 
which are found in the work of others (1, 3, 4). From the various diagrams which are presented, it is clear that 
negative deviations from Raoult’s law are to be found in the goldsilver and the gold-copper systems, 
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THE REACTIONS OF FREE RADICALS IN SOLUTION: 
THE THERMAL DECOMPOSITION OF THE TRIAZENES IN VARIOUS MEDIA 


L. M. Romanov, B. A. Dolgoplosk and B, L. Erusalimeky 


(Presented by Academician L N. Nazarov May 25, 1956) 


Recently much attention has been given to the study of the kinetics of the decomposition of the various 
compounds which can serve as sources of free radicals. This isespecially true in regard to the organic peroxides 
and hydroperoxides [1-4]. As was shown by Kh, S, Bagdasaryan andR, L Milyutinskaya (5), and also by others 
(1, 2), benzoyl peroxide at comparatively high temperatures decomposes according to a chain mechanism, 


In the present work there was studied the kinetics of the decomposition of a number of tiazines in various 


systems, The velocity of decomposition was determined from the rate of the evolution of gas in the course of 
reaction. 


In the case of ethylphenyltriazene (EPT) and propylphenyltriazene it was shown that with an increase of 
the concentration of the triazene in solution, the velocity constant for the reaction of decomposition also 
increased (Table 1), This fact indicates that, under the given conditions, a chain decomposition takes place, 


At concentrations of 15-20 mole % and under a temperature of 120° the quantity of radicals in the system 
is very great and the chain decomposition of the tiazenes proceeds to such an extent that the kinetic curves no 
longer fellow a monomolecular law (Figure 1). 


In the decomposition of ethylphenyltriazene instyrene the increase of the velocity constant of the reaction 
with increase of concentration goes much further than it does in isopropylbenzene, a fact which {s connected with 


the large increase in the concentration of free radicals resulting from the development of a chain reaction of 
polymerization, 


Along with the increase of the velocity constants for the decomposition of the triazenes which accompanies 


an increase of their concentrations in solution, there is observed a decrease in the yield of those products RH, which 
are formed according to the reaction: 


| 
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LH representing a molecule of the solvent 


It is most likely that this decrease in the yield of the products resulting from the breaking of hydrogen out 
of the molecule of the solvent is related to the development of the chain process of decomposition with the 
associated consumption of the radicals in the reaction with miazene, 


The chain character of the decomposition of the triazenes at elevated compositions {s confirmed by the 
fact that the velocity constant for breakdown diminishes on the introduction of sulfur into the system (Figure 2 and 
Table 3), Sulfur is, as has been shown by M. P, Tikhomolova and others (6], a good acceptor of free radicals. 
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TABLE 1 


Velocity Constants, 107 sec, for 
the Reaction of Decomposition of Ethyl- 
phenyltriazene in Various Media at 100° 


Solvent Concentration, (C), mole} 


41.3 4 13 25 


_ bopropyl- ; 
benzene 1.2 11.6] 22 | 27 Fig. 1. The kinetics of the decomp- 
Styrene = osition of propylphenyltriazene at 120°: 
1) C=15 mole%, 2) C=20 mole. 


Sulfur is unable, however, to completely suppress the development of the chain process, as ts to be particularly 
_ at the higher temperawres. Thus, at 120° and a concentration of rigor of 25 mole %, K, =15- 10° 
“* in the presence of sulfur (at a concentration of 1,3 mole %.K, =3. 5-107‘ sec ~*), Under these same con- 


ditions the decomposition without sulfur runs almost to completion in 7-10 minutes, which excludes the possibility 
of obtaining exact kinetic data. 


TABLE 2 


The Relation Between the Yield of the Products RH and the Initial Concentrations 
of the Triazenes at 120°. 


Ethylphenyltriazene 
Concentration, mole % 
Yield of RH,, % Theoretical 


Propylphenyltiazene 
Concentration, mole % 20 
Yield of RH,, % Theoretical 20 


TABLE 3 


The Velocity Constants for the Decomposition of Ethylphenyltriazene in the Presence of 
Sulfur in Isopropy!benze at 100°, S/EPT (wt. %)=2, 


Concentration, mole % q 1.3 4 13 25 
1074 1.2 | 1.2 1.4 | 1.7 


In the case of isopropylphenyltriazene the presence of sulfur brings about an unexpected effect: namely, 
a strong acceleration of the process of decomposition, The kinetic curve; computed according to the mono- 
molecular equation, shows a break at a point corresponding to 70% decomposition, Below this point K, =20.8-1074 
sec"; above it Ky = 10-1074 sec"!, In the absence of sulfur K,=9.0-1074 sec“! It is perhaps possible to explain 
the acceleration of the decomposition in the presence of sulfur by the fact that in this case those sulfide radicals 
which are formed are sufficiently active for the development of the chain decomposition of the twiazenes. As 
has been shown by Kooyman (7), RS radicals in which R is an alkyl substituent with an {so structure ((CHs), CH, 
(CHs)C ] have greater activity in the reaction of breaking off of hydrogen than do those with a normal structure. 


ht is known that a, a-diphenyl-8 -picrythdrazyl has recently been employed for the capture of free radicals 
and the exclusion of chain decompositions in various compounds, in particular, peroxides and azo substances. This 


procedure proves to be inapplicable to the case of the triazenes because the a,a-diphenyl-B -picrylhydrazyl strongly 
accelerates their decomposition, 
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Fig. 2. The kinetics of the decomposition of '“* Fig. 3. The temperature dependence 
ethylphenyleriazene at 100°: ere of the velocity constants for the re- 
1) C = 25 mole% (without S$), 2) C=25 actions of decomposition of the 

mole %, 3) C=12.5 mole %, 4) C=13 triazenes: 

mole %, 5) C=4 mole %. 1) methyl- 2) ethyl-, 3) benzyl- 
4) hexyl-phenyltriazene 


It follows from the data presented in the Tables 2 and 3 that the chain decomposition {s essentially absent 
at a concentration of 1.3 mole %. The kinetic data obtained at this concentration was used for determing the 
energies of activation for the decomposition reactions of methyl-, ethyl-, benzyl-, and hexyl-phenyltriazene, 
For methyl- and ethyl-phenyltriazene the measurements were repeated in the presence of sulfur. In these two 
cases the velocity constants for the decompositions at various temperatures are exactly the same as they were 
without the sulfur. The values of the velocity constants and the energies of activation are presented in Figure 3 
and in Table 4, 


TABLE 4 


The Velocity Constants and the Energies of Activation for the Reactions 
of Thermal Decomposition of the Triazenes.* 


E, : K-10 sec! 
Triazene cal/mole temperature, °C 
100 | 110 | 420 


MethyIphenyltriazene — 2.4] 6.6 
Ethylphenyltriazene 294+2/1.2] 34] 8.5 


Benzylphenyltriazene 28+ 2] 1.5 | 4.4 | 10.5 
Hexylpheny ttriazene 3142] 1.6 | 4.9 | 13.8 


* The data which was published earlier, (8], proved to be in error 
because the starting materials were not sufficiently pure, 


EXPERIMENTAL 


All of the triazenes were synthesized by the action of bromomagnesium derivatives on phenylazide (9, 10}. 
The decomposition of the riazenes was carried out in an atmosphere of nitrogen, using the earlier described 
technique (11). 
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THE CHARACTERISTIC FREQUENCIES OF THE OLEFINS 


L. M. Sverdlov 


(Presented by Academician G, S. Landsberg November 4, 1956) _ 


The question of the characteristic frequencies of the olefins has been most thoroughly studied in the work 
of Goubeau (2) in which for each class of olefins there are given groups of characteristic frequencies which have 
been established through comparisons of the observed spectra. It is obvious, however, that in order to confirm 
the choice of the one or the other group of frequencies as characteristic and to relate these frequencies to 
definite vibrations, there is needed a theoretical analysis, cartiec out according to the method of M. A. Elyash- 
evich B, I. Stepanov (6) and L, S, Mayants (7). 


: In order to analyze the regularities of the vibrational spectra of the complex olefins of the six possible 

types: RHC = CHy, = cls- and trans- RyCH = CHR,, = CHRg, RyR,C = CRjR,, we have undertaken 
a complete theoretical calculation of the frequencies of the normal vibrations of the simplest alky] substituted 
ethylencs; propylene, isobutylene [8], cis- and trans- butcne-2(9], timethylethylene and tetramethylethylene 
{9}, since the spectrum of each of these molecules possesses its own pecullarities, As the calculations show, 
each of the considered molecules has vibrations which are, in the extended sense, characteristic, according to 


x 
their form [7], for the group of coordinates corresponding to the structural element yoC=C<j,. 
Since, this structural group enters into compounds of the type: 


the molecules of each of the indicated homologous series should possess the same characteristic frequencies as do 
the molecules of propylene, isobutylene, cis-and trans-butene-2, trimethylethylene and tetramethylethylene, 
Thus, the groups of characteristic frequencies which have been established by us are the frequencies of the char- 
acteristic stable vibrations for a series of compounds containing a saturated chemical group. This conclusion fs 
well supported by a large amount of the experimental material on the infrared and combination spectra for the 
indicated homologous series (we have collected data on more than 90 olefins). 


_ InTables 1-6 there are presented the groups of characteristic frequencies which have been established by 
us for these six homologous series and the approximate intensities of these lines, taken from the data of the 
Literature [1-4], together with an indication of their referents and the data of other authors, In each table there 
are given the structural elements with which the whole group of characteristic frequencies is connected, 
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TABLE 1 


The Characteristic Frequencies of the Monoatkyl Substituted Ethylenes, RHC =CH, 


“cmc 


Coordinate Ou Intensity® 
data 


jinfra- 
na- ed 


¢u,(C—H) 

§(C=CH) 
B-(C=CH;) 


PccH 
(C=C—C) 


3 


* Not definitely assigned. 
© = strong, m = medium, w = weak, 


TABLE 2 


The Characteristic Frequencies of the Unsymmetic Dialkyl 
Substituted Ethylenes =CHy 


H, 
Our | Intensity Source 
data ‘combI= | 


Coordinate 


Tcn,(C—H) 

1 cn,(C—H) 

Q&C=C) 
(HCH) 


4° 44:8 ° 


y(CCC) +Pecc 


* Not definitely assigned 


Source : 
: 3087} m | m | 3080 | 3079 | 3084 | 3082 
~2900 w m | 3001 2998 2979 3004 
1642 1642 1642 1642 1642 
1416 1416 | 1415 1416 1416 
1297 1292" | 1208° 1297 1292° 
1170 1166 
991 990° 992° 996 901° 
912 912° 910 910° 
632 631° 630 
432 
| 
| 
3081 m 3078 
2085 2087 2085 
1653 m 1653 1653 
1412 m 1414 1412 
1290 m sss | 
CH,) 1000 1383 1282 
cH, 888 1002 887 
¥(C=CC) 434 434° 
390 394° 
110 


It follows from these tables that many ‘requencies efther have been incorrectly assigned by other authors 
or have not, in general, been assigned to definite vibrations, In addition, Goubcau selected, as characteristic in 
a number of cases those frequencies which are obviously related to the hydrocarbon radical R and which cannot, 


therefore, be considered at characteristic frequencies for the olefins, alnce they arc observed In the =. of all 
saturated aera with long carbon chains, 


TABLE 3 
The Characteristic Frequencies of the Trans-Alkenes RCH =CHR 


Coordinate 


* Not definitely assigned 


TABLE 4 
The Characteristic Frequencies of the Cix-Alkenes RCH =CHR 


Coordinate 


geet 


We have further considered the influence on the spectra of chain branching. In this case when branching 
of the chain occurs at a position far from the double bond, the specificity of the vibrations which are noted in the 
tables cannot be disturbed, the structural groups with which these vibrations are connected being fully retained. 
However, if branching takes place at a carbon atom which {s adjacent to the double bond (¢, g, R-CH—-CH = CHy) 
then this must _ be reflected in the specificity of certain vibrations because in this situation there no 


H 
< 
de Intensity | Source 
¢(C—H) ~310 w 3001 | 3007 
1675 | 1671 1676 
§(C=CH) 106] 8 1303 | 1308 
Q*(C—C) 870 m 802 
745 | ow 742 742 
7(C=C—C). 495 w 488 
3020 m 3024 
C=CH) 1306 w 1376 | 1302 
Q-(C—C) 1070 w 1023° 
(C=C—C) 263 210 
PccH 233 
| C—H ~ 3020 m 3020 
om } 3013 2085 
C=C) 1660; | m 1656 | 1660 
1410 m | 1376 | 1408» 
C=CH) 1267' § 1263 | 1259 
Q-(C—C) 972; 970 
Qr(C—C) 875 892 
Poon 700 702 700 
¥(C=C—C) 500 581 
402 413 
(C= C—C) 297, 
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TABLE 5 


The Characteristic Frequencies of the Trialkyl Substituted 
Ethylenes =CHIR, 


. Coordinate 


Cun! 

6 (C=CH) 

C—C) 
PccH 

Pccc 


y (cc 
(CexC—C) 


Zetec 


* Not definitely assigned 


TABLE 6 
The Characteristic Frequencies of the Tetraalkyl Substituted Ethylenes =C 


Coordinate Ou Intensity 


omb, comb, 


@- (C—C) 1154 
+ (C—-C) 893 
CCC) 405 
Poet 273 


y(C=C—C) + 190 


* Not definitely assigned. 


longer exists that smallest group of coordinates for which these vibrations are characteristic, Both of these prop- 
ositions are completely confirmed, So, for example, in the spectrum of the molecule of 4-methyl-4-ethylhexene 
(1) (with the first type of branching) all of the characteristic frequencies noted in Table 1 will be observed: 

437, 627, 913, 995, 1180 (double), 1296, 1416, 1641, 3006 and 3078 cm™7!, On the other hand,in the case of the 
molecule of 3,6-dimethviheptene-1 (with the second type of branching) the specificity of the vibrations 

y(C and pccH (which are those most saongly Intcracting with the coordinats of the group -CH,—Cli=) is 
destroyed while that of the remaining vibrations, 914, 994, 1176, 1294, 1419, 1641, 2997 and 3082 cm”! is 
maintained, Similar examples can be produced for the olefins of the five remaining types, 


| 
tensity ource 
data mb, ‘in =| 
i 3024 m 323 3024 
1676 m 1673 1676 
41360 w 1350 | 4350 
1212 m 1003 
95.0 m 806 
803 8 958 803 
760 w 745 ; 
520 
440 47u* 
295 wie 
Ee 254 251° 
1382* 
1304* 
1112* 
Cut?’ 
4 
(C=C) 1680; 8 1672 821° 
Cc—C) 1269] w 1024 745° 
y(CmC—C) S05] 503 
Pccc w 547 
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CONCERNING THE RELATION BETWEEN THE ENERGY OF ACTIVATION AND 
THE HEAT OF REACTION 
N. D. Sokolov 
(Presented by Academician V. N. Kondratyev August 16, 1956) 
It was long ago empirically established (1) that for many reactions, both in the gaseous and in the liquid 


phase, there exists a simple relation between the energy of activation, E, and the heat of reaction, Q, which for 
the exothermic direction can be written in the following form; jf 


(1) 


a and b being constants, with 0< b< 1, Such a linear relationship between Q and E has, furthermore, been 
observed and discussed by many authors (2-6). A sufficiently clear-cut bas{s for Relation (1){s not, however, to 
be found in the literature, The most detailed theoretical analysis of it has been made by Evans and Polanyi [7] 
but their derivation cannot be considered as entirely acceptable, In order to deduce Equation (1) these authors 
have postulated that the heat of reaction and the energy of activation depend linearly on a certain parameter 

x- Ina given serfes of reactions this parameter, according to thelr point of view, must reflect the characteristics 
of the molecular interaction and its dependence on the structural properties of the reactants, It is very doubtful,, 
however, that it would be possible, in the general case, to find such a parameter as would satisfy this condition 
and at the same time would be capable of showing so simple a relationship with the heat of reaction and the 
energy of activation. If, for example, the value of the field potential at a certain point near to one of these 
molecules was taken as this parameter then, since this potential enters into the corresponding wave equation 

as a function of the coordinates, the resulting relation between the characteristic energy of the system and x 

will be, generally speaking, a complex one, * 


The attempt is made below to give a derivation of Equation (1) which would be free of the indicated 
objections, 


For the sake of definiteness, we will carry out the discussion as it would apply to the gaseous reaction of 
radical exchange, Let us consider an ad{fabatic reaction of the type: 


RB +R’ —> R+BR’, (2) 


where B is an atom and R and R° are either atoms or radicals, As has been shown by experiment, relation ( 1) 
is obeyed with considerable accuracy for a series of reactions in which there is a variation of either R or R’, the 
varied reactant being a radical. Specifically, it will te supposed that R in the series of reactions under con- 
sideration is varied and that R’ remains unaltered, The entire line of reasoning can, without difficulty, also be 
cartied over to the opposite case, as well as to that in which the atom B undergoes variation. 


¥ Only in the theory of perturbations {s it possible to obtain the linear dependence of the energy on y by this method. 
The derivation of (1) which {s outlined below is essentially equivalent to the application of this theory. 
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We will take a definite substitutent, Rg, as a standard and suppose that the change of the potential energy 
of the system R+B+R* during the passage from Ry to an arbitrary R is determined by the alteration of a certain 
parameter, x, the magnitude of which depends on the nature of R, The concrete physical nature of this parameter 
is not necessarily fixed and plays no role in what follows. For example, this could be that effective charge which, 
entering into the expression for the wave function, represents the charge with which the nucleus acts on the outer 
electrons of the atom or the radical, or it could be the potential of the electric field near to R, and so forth. In 
the general case, the transition from one radical R to another changes the depth of the potential well and the 
height of the potential barrier and also the values of the interatomic distances corresponding to them. However, 
as will be seen from the further development, the relationship between these distances and x does not, in the 
first approximation, influence the position of the maxima and the minima, 


We will designate by x;, x, and xy the respective ——— R-B, B—R’ and R—-R‘® and by 1 the coordinates 
of the reaction. In the initial condition, (RB +R"), x, = x? represents the equilibrium distance in the molecule 
R-B; in the final condition, (R+BR'), %_ = xf is the equilibrium distance in the molecule B—R’; in the activated 
state. (R.B.R"), L=1* is a definite combination of the corresponding values of the coordinates and 
Near the point 1 corresponds to one of the normal coordinates of the activated complex; another two of these 
normal coordinates we will designate by 1, and 1, (in the case of a linear activated complex there fs still a fourth 
normal coordinate). In conformity with what has been said, the potential energy surface for the reaction (2), 
yx) has three extreme points; 


I for x, = xy = 0, x, = xX}, which is a minimum (RB + R’) - 
1 for x, = xy = @, x, = x$, which is a minimum (R + BR’) 


Ill for x, = x}, = Xp. which is a maximum with respect to and a mimimum with respect to ly 
and 1, 


At these points the equations 


= = (0:/8x) = 0, (J =1, 2,3), 


are valid, with the indicies I, I, Ill designating the sets of coordinates corresponding to the indicated extreme 
points. In view of these equations, the values xf, xf, x and xs* prove to be certain functions of x, whereas 
x obviously does not depend on x. 


We will now suppose that the parameter x alters but little. with a change in the nature of R, Le., that 
A x<< x. This will be a valid supposition when R represents a radical YX and only Y is changed in the 
series of reactions under consideration, x remaining constant, as fs the case, for instance, in a homologous series 
of radicals, We will introduce the symbol £€=Ay/yqg where x¢ is the value of x in the case of the reaction 
— that radical R, which has been accepted as the standard, Having expressed the energy € and the coordinates 
xt andx? (i=1, 2,31 as functions of € , we will, in the neighborhood of the indicated extreme points, write € as 
a series in terms of € and will limit ourselves to linear members * * 


dec ox? 

== 


de Oc,,, Ox 


Oxy a 


* As the distances between the atoms and the radicals (x,, or x,) we will take the distance between B and those 
atoms of the radical with which B is directly connected in the molecule RB or BR’. By the term distance between 
two molecules of a radical (xy) we will understand a corresponding quantity. We will suppose, that the normal 
coordinates of the system only on xy, and xy, 


In these equations ¢}, € * and represent the values of ¢ € and 


at =0, 
m 


Because of condition (3), only the first two terms on the righthand sides of the first and the last equations are 
different from zero, In conformity with this, we find for the heat of reaction (exothermic) and the energy of 
activation (at the absolute zero of temperature and under neglect of differences in the null-point energies) ; 


E ts = E,— (5) 


where Gy = €f- er E,* ein ef. are the heat of reaction and the energy of activation for that R’, which 
has been accepted as the standard: 


Eliminating € from (4) and (5), we obtain Equation (1) 


~ (52) 


E=a-bQ, 


e 7 
Qe, 


We will now suppose that the transition from the standard R® to the arbitrary R displaces in one and the 
same direction all of the points on the potential surface, or at least on that part of it lying between the original 
tential well and the barrier.* This supposition fs rather natural in the case where in the sequence of radicals 
=x separate —e differ fom, one another only in the nature of the substitutent Y. Under this supposition 
I Ped have the same sign, Further, since the influence of the change ofRon 
the derivatives and rT gn 
the surface of the potential energy arises basically from the direct interaction of R with the atom B, whereby, 
x? it is not difficult to see that From what has been sald, and taking 
Equations (6) and (7) into account, it follows that 0< b< 1 which corresponds to the experimental data, 


For the above outlined derivation of the Relation (1) the supposition {s. essential that the influence of R on 
the potential energy surface is determined by the change in a single parameter, provided that this change is 
sufficiently small, This supposition, as has been noted above, is reasonable for a series of reactions of the type 
RB+R'—*R+BR’, in which the radicals R «YX differonly in the nature of ¥, To a smaller degree {s the indicated 
assumption a permissible one for a series in which the radicals R differ in the nature of the atom X or in which 
there is a change in the nature of the atom B, since with these changes the alteration of the parameter x cannot 
be sufficiently small, From the derivation, it also follows that Relation(1) cannot be valid for a series of reactions 
in which there is a change in the nature of two of the components (for example, R and B or R and R’) or in which 
certain of its members have a substitutent Y which is so highly branched that there arises a direct and strong 
interaction between B and Y (“steric repulsion”), Under such conditions the alteration of the potential surface 
will be, in general, determined by the change of niore than one parameter. 


* In other words, it is supposed that the potential curves corresponding to the various reactants do not intersect 
in the indicated region, For a discussion of this question see, for example (8). 
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These conclusions are supported by the experimental data, Plotting the experimental cnergtcs of activation 
and heats of reaction of a graph, the points are found to Ife rather close to a straight line in those cases where 
only the substitutent Y {fs varied in the radical R (or R*) (6). This regularity is observed to a lesser degree ff in 
the series of reactions there is a variation of the atom of X or of BS If in the graph there are introduced values 
of E and Q for reactions of the type RB+R'- R+BR’ in which there are differences in the nature of two, or of all 
three, of the components (R,B,R"), then the points do not Ile on this straight line but mostly fall into a band of 
approximately 3.5 kcal width and in certain instances even go beyond the limits of this field (6). 


From the theoretical point of view it is to be expected that further refinements of the experimental data 
for E and Q will show that for reactions which differ in the nature of two of the radicals the values of a and b in’ 
Equation (1) will be somewhat different, 


This reasoning ts supported, for example, by the investigations of V. V. Voevodsky [5]. He found that for 
a series of reactions 


RH +R —* R+ HR’ 


in which there {s an alteration of R(R and R° were aliphatic radicals), it is possible to write the following 
relation: 


E =a-0,27Q. 


It proves to be so that the quantity a, which {s equal to the energy of activation when Q = 9 is related to the 
structure of R and can be determined for a series of radicals, 


The dependence of a and b on the nature of the reacting molecules R {s also well known for fons, in particular, 
in proteolytic reactions (for a review see [3]), At the present time, however, only in certain instances has the 
value of b been successfully related to the structural characteristics of the molecules, (see reference (9)). 
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CONCERNING THE EQUATIONS OF THE LIQUIDUS AND THE SOLIDUS FOR 


-M. Usanovich 


(Presented by Academician V. A. Kargin August 31, 1956) _ 


From the Clausius-Clapeyron equation, written in the form: 


P, 
RTT 


and the equation of the vapor tension isotherm for a binary system (Raoult’s Law), there follows: 


ny = 


Ys = (Tp 2 (la) 
B 


Iny 


where Y, is the mole fraction of the component A in the solid phase; X gis the mole fraction of A in that liquid 
phase which {s in equilibrium with this solid phase at the temperature T; Ta, and La are, respectively, the temp- 
erature and the heat of fusion of A; R is the universal gas constant and Yy, Xgand Lg and Tg are the corresponding 
quantities for the component B, 


Equations (1) and (1a) were introduced by van Laar (1) for a continuous series of solid solutions, In actuality, 
"as we now see, they are not limited to the case of the continuous serfes of solid solutions, but rather they represent 
that equation of state for ideal systems which unites, in the most general form, the Clausius-Clapeyron equation 
and Raouit’s Law, They are not, however, the equations of the liquidus &x,T)=0or the solidus Ry,T) =0. 


The latter can be deduced from Equations (1) and (1a) through she variation of additional conditions, In 
the case where A and B do not form solid solutions, Le., where Y4=1 and Yg=1, each of these two equations 
passes over into the well-known logarithmic form of Shreder (equation of the liquidus) 


RT,1 


—nX,= 


= 


(24) 
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Solving Equations (2) and (2a) simultancously at the eutectic point (T = Tg). for which Yg=1, we 
obtain: 


exp + = 1 


ale 


At the point of intersection of those curves which express the dependence of 


— 


RT,T 


on T, we find Tg; Knowing Tp we can readily determine the composition of the eutectic, 
Equation (3) is the equation of the solidus for an ideal system with a eutectic. 


In the case where A and B form a continuous series of solid solutions without maxima or minima,*® x A +Xg® 
=] and Ya+Yp=1. Combining these conditions with Equations (1) and (1a), we obtain: 


1— exp 


exp 


This equation has been derived in a rather complicated fashion by Seltz [2]. It is the equation of the 
liquidus for a continuous series of solid solutions which obey Raoult’s Law, 


The equation of the solidus, which was also obtained by Seltz, can be written in the form : 


Ly (Ta—T) 


Thus, to an ideal system (one which obeys Raoult’s Law) there correspond two types of diagrams: the eutectic 
type and the diagram of Rozeboom's type L They are described by Equations (2), (2a), (3), (4), and (5). 
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CERTAIN DATA ON THE COEFFICIENTS OF HETERODIFFUSION IN Cu-Ni, Fe- 
Ni AND Fe -Cr ALLOYS WITH DEFORMED AND UNDEFORMED 
CRYSTAL LATTICES | 


E. F. Chaikovsky 


(Presented by Academician G, V. Kurdyumov July 3, 1956) 


In this investigation there has been carried out an x-ray determination of coefficients of heterodiffusion 
using the method which has been described in (1). The prepared samples were in the form of flat disks, 7 mm 
in diameter, of the one component metal onwhich the other meta! was electrolytically plated as a film of the 
desired thickness. For x-ray analysis the composite samples were inserted in a cylindrical camera which had 
a cross-sectional diameter of 72 mm and was attached to the cathode of a sharp-focusing tube (Figure 1). During 
exposure the sample was rotated around an axis perpendicular to its surface. The small inherent width of the 
lines assured sharp focusing on the focusing circle where there were placed the film and the samples, The linear 
dimensions of the focal spot usually did not exceed 70-80 y. Radiation of the various wavelengths obtained 
from different anodes (Fe in the case of the system Cu—Ni, V for investigating the system Fe—Cr, Cr for ob- 
taining the x-ray diagrams of the system Fe-Ni; the Fe anode was used with an Mn filter; with the vadadium 
anode only the 6, line was employed) was used in the study of the several systems, Because of the small 
thermal conductivity of the materials used in the anodes, the current through the tube usually did not exceed 
0,25-0.5 ma at a potential of 30-40 kilovolts, The tube was fed from the customary high-voltage system in 
which the heating circuit for the tube filament was stabilized, A comparison of the intensities of the lines in 
the various diagrams, which was useful for purposes of control, was obtained by including in them as a standard 
a substance capable of giving interference lines over a certain suitable angular interval, this standard being 
employed in the form of a superposed flat sector of a disk of small (0,2-0.3 mm) diameter, 


In the investigations of the systems Cu-Ni, Fe-Ni and Fe—Cr the samples used consisted of disks of the 
one component covered by a film of the other. Films of Ni, Cu and Fe which had been detached from the under- 
lying base were also prepared, and, prior to diffusional annealing, these were subjected to a separate heating 
with a view to removing lattice distortions, thereby bringing the metal into a condition close to that of equilibrium. 


A preliminary x-ray investigation showed that immediately after electrolysis the films obtained displayed 
a broadening of the lines in the x-ray diagrams, A calculation of the photometric curves for the broadened 
lines was carried out by the method of harmonic analysis [2] and it was thus possible to determine the magnitude 
of the “ microdeformations® and the size of the mosaic regions in the film. After a preliminary annealing, even 
at comparatively low temperatures (400-500°) this initial broadening of the lines was practically eliminated. 
Diffusional annealing was carried out for samples in which: 1) an electrolytic film had been deposited on a 
massive disk; 2) two electrolytic films had been successively plated out, and 3) an electrolytic film prepared 
in the free condition and previously annealed to a sufficiently high temperature (the Cu film to 1060°, the films 
of Ni and Fe to 1100°) had subsequently been so pressed to a massive equilibrated disk of the second component 
as to obtain the desired contact. Thus, heterogeneous diffusion took place in samples wherein: a) both components 
were in a condition closeto that of equilibrium; b) neither component was, in the initial state, at equilibrium 
and c) one component was at equilibrium and the other was not, Unfortunately diffusional annealing for the 
samples with an impressed Cr film could not be successfully carried out,and accordingly data could not be ob- 
tained in the Fe—Cr system on diffusion in a sample with both components in the equilibrium condition, 


i 


Fig. 1. Arrangement for obtaining x-ray diagrams : 
1) body of tube; 2) anode of tube ;3) hody of 
camera ;4) diaphragm 5) holder for sample and 
standard; 6) sample and standard ;7) motor shaft; 
8) spring ;9) packing; 10) adjusting plate; 11) 
form of standard. 


Diffusional annealing of the samples and preliminary annealing of the films was carried out in a furnace 
either under vacuum (Fe~Cr) of in an atmosphere of H,, Optimum thicknesses of the electrolytic films were 
calculated on the basis of the depth of the half-adsorption layer and were checked experimentally (Ni film on 
Cu,3 wp; Cu film on Ni,3.5 yp; Fe film on Cr,4.5y; Cr film on Fe,2,.5y; Ni film on Fe,5,3y; Fe film on 
Ni,1.3y. The figures presented are correct for the x-ray radiations which have been indicated above). 


Diffusional annealings of one hour duration were carried out on each sample, first at 400° and then at 
successively higher temperatures spaced 100° apart, The change in the concentration distribution was recorded 
after each diffusional annealing, comparison being made with the result obtained after heating at the preceding 
lower temperature, The possibility of handling the data according to the well-known method of Matano [3] was 
thus lost but, on the other hand, there was obtained the advantage of greater accuracy in the determination 
of the temperature dependence of D, since all of the values of D at the various temperatures were established 
from the results of experiments on a single sample. The procedure for calculating the magnitude of D and its 
dependence on the concentration is described in (1). 


In Figures 2 and 3 there are shown the x-ray diagrams of samples from the Fe—Ni and Fe—Cr systems after 
diffusional annealing of these samples at various temperatures, In the Fe —Cr system the sample consisted of an 
electrolytic Fe film deposited on nonequilibrated Cr and in the Fe—Ni system it consisted of an Ni film on 
nonequilibrated Fe. 


| 
| 
| 
| 
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In Figure 4 there is shown the experimentally determined distribution of concentrations in these same 
samples after their annealing at the various temperatures, The curves in the Fe—Ni system reveal a plateau at 
600° in that region in which there fs formed the phase Fe-Niy, From the data of the curves of Figure 4 and 
analogous data applying to the other samples, values of D were calculated at various concentrations and temp- 
eratures (Table 1). From the log D, 1/T relation there was determined the energy of activation, Q, values of which 
are also presented in Table 1, 


It follows from the data which have been obtained here that the coefficients of heterodiffusion for the 
nonequilibrated and for the pre-annealed samples markedly differ from one another (for example, in the Cu~ 
Ni system by a factor of 20). This detail sometimes escapes attention in the determination of coefficients of 
diffusion by certain methods employing radioactive isotopes where the time needed for diffusional annealing 
amounts to scores of hours and the initial differences in the behavior of the samples have the opportunity to 
level out. 


In this connection, {it should be noted that the x-ray technique of determing D rests on the registration of 
the diffusional processes over a distance x ¥5- 107‘ cm which, for times ranging from 10 to 104 seconds, permits 
the determination of coefficients of diffusion within the interval ~10~*— 10” cm?/sec, The possibility of 
utilizing short annealings opens the way in x-ray investigations for establishing differences in the coefficients of. 
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those various processes of crystallization which are tied up with diffusion over small distances of the order of 


TABLE 1 


System Cu—Ni. D-10"! eu"gec, 


Cu at equilibrium, Ni 
ponents at equili- 
Neither component at equilibrium aot at equilibrium 
Concentration Cu (or Ni Concentration Cu (or Ni | Concentration Cu (oc Ni 
Pi or Cr) at. & or Cr) at.% or Cr) at % 
17| 33 | 50 2 | 50 72 | | % 


C. System 
B, System Fe—Ni. D-10"* cu*/sec, Fe—Cr. D-10" cm/sec, 


Neither component at equilibriurh Both components at Neither omeement at 
equilibrium equilibrium 
Concentration Cu (or Ni | Concentration Cu (or NI Concentration Cu(or 
or Cr)at. % or Cr) at. % Ni or Cr) 
600 4.7) —|—] 2.5 2.6 — 800} 1.0] 1.1) 4.4) 2.1 
700 6.6} 8.0) 9.5) 11.6) — | 1.3} —|—|—] 2.6) 900] 2.0) 2.3) 2.9) 6.3 
800 — | 28.14;—)} —j—]| 11.4) — | — | 21 | 20 1000} — | 3.3) 4.0! 9.3 
900 — {| 70.0} 92) — 


diffusion in samples with equilibrated and with deformed lattices [4], which differences play a definite role in 


microns. 


The earlier described error in the determination of the coefficients of heterodiffusion by the x-ray method 
is additively composed of the relative error in the value of the concentration gradient dc/dx and the area 


{1] Taking into account theerror resulting from the simplifications introduced into the calculations, 


the over-all error in the determination of D amounts to from 40 to 60% for a total width of the interference line 
(doublet) equal to 0,1 of the entire interval of concentrations, If the width of the interference line amounts to 

a larger part of the total interval of concentations, the error of calculation increases,and with a line width of 
*/s of the entire interval of concentrations it goes up to 200% of the measured quantity. 


700 | 4.6| 5.0} 5.5] 6.7110 | 4-5] 4.6] 4.61 4.7/2.0) —| —|—|—lo.s 

— | 9.6) 10.2] 44 O20 4] 4.4] 4.5] 4.6) 4.81 5.5) 0.4 —| — 0.6 1.0 
90 —| | —] 102} 10.3/11 012.2] 32) 3.4] 3.6) 4.0] — 
Q,k 
goat 
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Fig, 4, Examples of concentration distribution curves; construc- 
tion carried out by the method described in [1] using the data of 
the x-ray diagrams in Figures 2 and 3, 
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THE INFLUENCE OF ADDITIVES ON THE VELOCITY OF SELF-DIFFUSION 


M, E. Yanitskaya, A. A. Zhukhovitsky and S. Z. Bokshtein 


(Presented by Academician G, V. Kurdyumov September 8, 1956) 


The question of the influence of small concentrations of alloying elements on the diffusional mobility of 
the atoms of the solvent in a solid solution has much practical importance in connection with the problem of 
obtaining alloys with predetermined properties, especially ones which would be stable at high temperatures. A 
distinction should be made between the action of additives on the volume and on the boundary diffusioo, 


The theory, according to which the effect of additives is to be explained in terms of their influence on such 
thermodynamic properties as the heat of sublimation, is useless for elucidating the action at small concentrations, 
In actuality, additives essentially increase the coefficient of self-diffusion of the solvent even at such low con- 


centrations that the heat of vaporization of the solvent and its other partial thermodynamic properties are practically 
unaltered, 


For illustrating this state of affairs we have determined the parameters of self-diffusion and the thermodynamic 


characteristics of the solvent in two systems, one of which (Ag—Cu) has positive and the other (Ag~Sn) neg- 
ative deviations from Raoult’s Law, 


Self-diffuston was investigated by the method of the thin layer [1]. The values which were found for the 
parameters of self-diffusion are presented in Tables 1 and 2, 


It is to be seen from these tables that small percentages of alloying copper and tin considerably decrease 
the energy of activation of silver, 


r ABLE 1 ; Additions in the amount0.17 and 0.847 Cuand 0,18% 


Sn affect the energy of activation only at relatively low 


The Parameters of the Sclf-diffusion of temperatures, 


The thermodynamic characteristics of silver in the 

investigated systems were determined by us experimentally, 

Temper- using the method of isotopic exchange [2]. In addition, the 

ature inter- heat of dilution for the silver-copper system was calculated 

val, °C according to the semi-empirical formula which has been 
proposed by Krupkovsky (3), 


Number 
of alloy 

, atom 
cm¥sec. 


De. 


69) —906 The heats of dilution obtained for silver in solutions 
780 —906 


690780 containing up to 1.68 at. % of copper and 2,8 at. % 

780 —906 of tin are practically equal to zero. Values referring to 

ae alloys of higher concentrations are presented in Table 3. 

725—880 From them it is to be seen that the diffusional characteristics 

725—830 of alloys are more sensitive to additions than are the thermody- 
namic, 


|g 


It is obvious that small additions cannot essentially change the heat of vaporization, which is a mean value, © 
The energy of the transition state for self-diffusion can be sharply decreased near atoms of an additive, which, in 
tum, will affect the velocity of self-diffusion, particularly at relatively low temperatures, We note that small 


\ 
| 
| 
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admixtuics cannot give a significant decrease in the rate of diffusion since experiments in whichthe conductivity 
of the basic mass of crystals would not de influential cannot be realized, 


TABLE 2 TABLE 3 


The Parameters of the Self-diffusion of Heats of Dilution of Silver 
Silver in Silver-Tin Alloys 


Heat of dilution of 
silver, cal/mole 


System ]Calculated 


peri 
tal 
values 


Ag—Cu 
Ag—Cu —46 
Ag—Sn ‘ 


The cause of the alteration of the diffusional charac- 
teristics of the diluted solutions is to be found in the form- 
ation of regions around the atoms of the dissolved substance 
these regions having enhanced mobility or the so-called “short paths of diffusion” (4). Independently of the 
concrete cause of the appearance of these “short diffusional paths,” there arises the problem of describing their 
influence on the mean mobility of the atoms in the alloy. 


We will consider the following simple model, Let it be so that the additives create,in a part p of the 
volume, an increased coefficient of self-diffusion D,, at the same time as the coefficient of self-diffusion of the 
pure solvent is equal to Dg and the effective coefficient of self-diffusion is D, 


The diffusional resistance of the medium under combination of {ts sections in series is approximately equal 
to the sum of the diffusional resistances of these parts (this is strictly true for the stationary regime) {f.e., it is 
equal to a sum of magnitudes which are reciprocals to the coefficients of diffusion, Dj. 


The approximation, which is suitable for the description of the diffusion along linear trajectories, is also 
applicable, as wil. be shown later, to boundary diffusion, but completely neglects volume diffusion. 


Actually, it is so that if the coeffictentof diffusion were equal to zero in one of these sections, then the 
whole process would cease ( D=0), which, of course, cannot be true for volume diffusion. Summation over the 
conductivities (Dj), which would correspond to a supposition of parallel flow of currents, would be just as incorrect. 
This may be m.de clearer by supposing one of the partial coefficients of diffusion to be equal to infinity. 


It is clear that the existence of regions showing an alteration in mobility does not correspond to combination 
either in series or in parallel. ; 


For a stationary process of diffusion this question can be considered in its general form, Since the Poisson 
Equation is, in the absence of charges, equivalent to the stationary diffusional problem, the action of such a 


region is completely analogous to the influence on the electric field of a sphere within a dielectric differing from 
it in the value of the dielectric constant. 


For the case of spherical regions this problem {s considered in connection with the derivation of the 
Equations of Clausius-Mosotti and Lorentz-Lorentz, the theory of magnetic susceptibility, and so forth, For 


ellipsoidal regions a solution has been given by Fricke [5] in the course of an investigation of the electrical 
conductivity of suspensions, 


- For spherical regions and small concenmations the solution can be written in the following form: 


_ 4, 
2D, 


| 
| remper- second . 
3 3 ature 
| | |inerval, 
7 10.18} 0.132 | 41700 | 700-830 
8 | 0.48] 0.128 | 40900 | 700-850 
9 | 0.91} 0.170 | 40500 | 700—8350 
10 | 2.80] 0 200] 40250 | 700-850 
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When z << 1, this equation goes over into the following: 


Thus, if D > ©, then, 


(3) 


This indicates that there {s to be cut out, not the p-part - the volume,as in a series combination, but 
rather a quantity three times as large. 


From Equation (2), making use of that expression through which the energy of activation {is defined 


it is not difficult to derive the effective value of the energy of activation and the multiple of the exponential 


4 
E = E,— 9% E,), 


where E, and Dg are the energy of activation and the coefficient of diffusion of the pure solvent and E, and D, are 
the similar quantities referring to the region of enhanced mobility. 


We see that when D,-*® , E=E,, which is natural since under these conditions diffusion proceeds outside 


of the regions possessing oreaed ‘mobility. Since with E, =f there once’ more arises the equality E =E,, E must 
pass through a maximum. 


The Linear relationship between the change in the coefficient of self-diffusion and the concentration {s 


“valid for alloys of silver with copper and with tin under concentrations not exceeding 2 at, andl at. % 
respectively, 


The slopes of the curves in Figure 1 are related to the characteristics p and D,, which cannot be determined 
from experimentation alone. 


There is however, the possibility of the two following evaluations, 


1, Supposing that D, = ow, from the yo sa of p we obtaina radius for the disturbed region. This quantity, 
which {s equal in the Ag—Cu system to 4-10™* cm and in the Ag~Sn system to 7° 10~ cm, will be the lower 
limit of the radius, as is clear from Equation (2). 


2, From the temperature dependence of (D— D4yDg, supposing thatp does not depend on temperature and 
_ adopting an exponential relation for D,, it is possible to obtain a value of D,;. Calculations show that in the in- 
vestigated systems the magnitude of this last is expressed by the equations: 
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D, = 1.6-10 exp (ar) (Ag — Sn). 


The question arises as to the applicabflity of Equation (1) for the description of the processes involved in 
the superposition of the volume diffusion and the diffusion along the boundaries of grains and blocks. Since the 
*short paths” are here united with one another, it is clear that the concept of resistances connected in parallel 
will be a closer approximation for the larger paths of diffusion. 


We will consider from an analogous point of view 

the influence of the additives on boundary diffusion, _In- 
asmuch as boundary diffusion can be considered as 2 comb- 
ination of resistances in series, small quantities of add- 
{tives can sharply change the effective coefficient of re- 
sistance, From Equation (1) for the volume diffusion it 
follows that if D, =0, i.e, if diffusion ceases in a certain 
sphere, then(D—D VD, = 

e n a Thus, the effect of the action of a region with zero 


I mobility is 1.5 times greater than that effect which would 
Fig. 1. The dependence on concentration of _ be observed under parallel combination. 


In addition, it has been shown [6], that 0.1% of boron 

of silver at 1000° K: 

i) Adwte, 2) Acme decreases the coefficient of diffusion of tin on the grain 

_ toring ese boundaries of Nickel a!mostby a factor of ten, Obviously, 
thiseffect is related, not only to the presence of an in- 

creased concentration of boron on the grain boundaries, but also to the increased influence of retarding additives 
in a system of series-connected resistances, The accelerating action of the short paths of diffusion must be less 
in boundary diffusion than it is in volume diffusion. , 


Thus, with uniform intensity of action the online effect will act more strongly on the boundaries than in 
the volume and the accelerating effect will act less strongly. 


We count it a pleasant duty to express our thanks to Ya. V. Shevlev and R. N. Rubinshtein for discussion of 
the results and for having pointed out to us certain references in the literature. 
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MEASUREMENT OF SATURATED VAPOR PRESSURES OF SOLID BISMUTH 
BY THE METHOD OF ISOTOPIC EXCHANGE 


N, Nesmeyanov, B. Iofa and B. V. Karasev 


( Presented by Academician V. N. Kondratyev on July 31, 1956) 


This work is the first measurement of saturated vapor pressure of solid bismuth, Results of measurements 
of saturated vapor pressure over a solid metal allow the calculation of a number of thermodynamic functions, 
knowledge of which is,at present, indispensable for thermal calculations on atomic electric _ plants, where 
bismuth can be used to transfer heat - 


The saturated vapor pressure of I{quid bismuth has been measured by a number of authors [1-5], but there 
fs no accord between the values given by different experfmentalists, Apparently among the low temperature 
measurements the most reliable are those of A, Granovskaya and A, Lyubimov [3]. Literature values for liquid 
bismuth do not allow exact calculations of saturated vapor pressure over solid bismuth, However itcan be 
assumed that near the melting point the saturated vapor pressure of solid bismuth must be 107® wm 107" min 
mercury at STP(sce Fig. 3). Such low saturated vapor pressures can apparently be measured only by using 
Langmuir’s method (6] or the isotopic exchange method [7,8]. 


Measurements of the saturated vapor pressure of 
solid bismuth were performed using Bi*(RaE) as the 
radioactive indicator, 


The RaE was extracted from old emission mbes (3 
curies of radon, and purified of RaD and polonium. 


The measurements were performed in a vacuum 
apparams containing an exchange chamber heated by a 
special oven, 


The exchange chamber 2 (Fig. 1) consisted of a steel 


cylinder divided into two halves kept together with the 
help of four screws, Both halves had cylindrical cavities 
where two discs 8 coated with a layer of metallic bismuth, 
were placed, The discs were solidly fixed within the 
chamber by means of two molybdenum rings 9, The 
chamber had a longitudinal through groove along which 

a molybdenum plug 6 could move freely, The plug 

could be fixed and also had an opening whose diameter 
coincided exactly with the intemal diameter of the molyb- 
denum rings. The exchange chamber was heated by 
means of an oven. 


The oven (Fig. 1) made of brass consisted of a base 
and cover 2 which were connected by means of the outer 
cylinder 10, The base and the cover had through openings 
allowing free movement of the plug 6. 


Fig. 1. Exchange chamber and heating 
oven, 


| 
| 
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Fig. 2, Vacuuin apparatus for meas- 
urement of small vapor pressures. 


The oven was heated by a nichrome spiral 3 which was 
insulated from the metallic parts by quartz cylinders 1, 
The temperature of the chamber and of the exchanging 
samples was measured by a chromal-alumnel thermocouple 
to 0.5, 


The vacuuin apparatus (Fig. 2) was constructed of 
molybdenum glass and consisted of a base and a de- 
tachable part. The oven 1 with the exchange chamber 
was fixed within the base and the system 2-4-5 was 


_ set up allowing the plug to move with the help of 


external magnets, without affecting the vacuum in the 


- apparatus, The oven was heated through molybdenum 


wires 3, The thermocouple was fixed with the help of 
picein in the detachable part 6, 


The samples for exchange were prepared by elect- 
rolytic deposition on nickel discs of active or inactive 
bismuth, The depositions were performed from hydro- 
chloric acid solutions with a current density of 10 milliam- 
peres/cm? and abath potential of 2 volts. The samples 
prepared always had equal thicknesses of metallic bis- 
muth, 


In performing the experiment with two nickel! discs witha 
deposited layer of metallic bismuth, one of which con- 
tained RaF, were placed in the corresponding cylindrical cavities in the exchange chamber, The samples were 
preheated {n vacuuin in order to produce a metallic surface in equilibrium relative to the vapor, The exchange 
chamber was assembled and the plug placed in the position where {t separated the samples, The detachable 
part was put on the base and the apparatus evacuated to a high vacuum (5° 10°$w 10°F mm of mercury at STP), 


The oven was heated to the given temperature and the plug was lowered with the help of an extemal magnet. 


Fig. 3. Saturated vapor pressures of liquid and solid 
bismuth: 1) according to the data of (3} 2) accord- 
ing to the data of [2], 4) according to the data of 
(4); #) our data, b) data of (3), 


Simultaneously a timer was started, The opening in the 
plug coincided with the inner openings of the molyd- 
denum rings and contact between the samples occurred, 
After a certain time lapse the plug was raised and the 


‘timer stopped, Special experiments showed that with 


the cover closed no radioactive bismuth vapors penetrated 
into the space conta{ning the nonradioactive bismuth 
during the heating and the cooling of the chamber. At 
the end of the experiment the sample that was inactive 
before was placed into a special container and its act- 
ivity measured by a surface counter, The activity of 
each sample was measured over a period of several 
weeks and the absence of RaD in the samples was con- 
firmed. The activity of the samples was compared to 
specific activity determined from the activities of 
standards containing a known amount of the initial 
radioactive bismuth, 


Since the times of exposition were small the sat- 
urated vapor pressure of bismuth was calculated from 
the following formula without taking into consideration 
the diffusion of the radioactive fsotope, inside the sample. 


(1) 
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where I fs the activity of the earlier inactive sample (impulscs/min , a-ls the specific activity of the Aeris 
active bismuth sample (impulses/min), S ts the sample area participating in the exchange (0,785 cm’), kts 


Clausing’s factor, in our case equal to 0,826, M fs the molecular weight of bismuth in the vapor state and f Is 
the time of the exposition (sec). 


hh using equation (1) it was assumed that the bismuth vapors consist only of diatomic molecules (2,9). 
The results of the experiments are given in Table 1 and Fig. 3. 


TABLE 1 
Saturated Vapor Pressures of Solid Bismuth and the Standard Heat of Sublimation at Absolute Zero 


viad FRin AH, 

a(mm alue caicu-~ ‘cal cal cal e 

mercury at ed fron 

479 +17.7 60.128 11.004 60.977 52.74 —1.23 
485 5§.25-10- —32.8 60.218 11.074 61.083 53.46 —U.51 
3.07-10-!¢ +3.2 586.710 11.270 61.344 53.74 —0.24 
507 5,79-10-"° +28.6 55.449 11.326 61.423 54.04 +1.07 
512 3.89-10-%° —40.3 56.245 11.383 61.491 54.95 +0,48 
8.87-10-'° +11.3 53.887 41.416 61.531 53.56 —0.41 
516 1.98-10-* +96 592.814 41 427 61.554 53.12 —0,85 
$25 1.55-10-* +11.4 53.497 11.526 61.736 54.45 
528 2.35-10-* +16.7 52.667 41.558 61.794 54.33 +0.36 
530 1.94-10-* —15.9 53.044 11.581 61.831 54.74 0.77 
532 1.81-10-* —31.6 53.179 11.602 61.867 55 03 T1068 


Least squares treatment of the experimental results showed them to be — described by the following 
equation: 


log (mm Hg) = ee + 7,213 (2) 


where T is the temperature of the exchange chamber and of the samples, 


As can be seen from Fig. 3,our results agree well with the results of A, Granovskaya and A, Lyubimov (3) 
and the results of work performed at high temperatures and pressures, 


Starting with the saturated vapor pressures of solid bismuth, we calculated the standard heat of sublimation 
at absolute zero from the equation Rinp ( atm)} 


According to general equations of and using the heat of bismuth (10-12) 
and the results of spectroscopic investigations (12,13] ( 1=1.4* 10°# 8° cm®,w=172 cm ‘), the following 
equations were constructed for the calculaticz of the ©*-poteutials: 


207,8 
= 23, 12,6411 log T 1,22°10 


16,222 + log T+ RINQyin, (4) 


where Qyib. and @ = 247,2°, 


The calculated values of .tH§ are given in Table 1, The average value of AH® is 54,0° 2 0.7 kcal/mole, 
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_ The criterion for the reliability of the results obtained was a satisfactory a in the values of SHE 
about the average value, The absence of a systematic trend in the valucs of {th temperature also indicated 
the reliability of tie obtained magnitudes for the saturated vapor pressurcs of solid bismuth. 
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THE ACTION OF y-RADIATION ON THE OXIDATION OF HEXADECANE 


M. A. Proskurnin, Yu, L. Khmelnitsky, E. V. Barelko, A. T. Slepneva 


and I. I. Melekhonova 


(Presented by Academician A, N. Frumkin on September 28, 1956) 


The action of fonizing radiations on-the course of chemical reactions can be of a contradictory nature : 
on one hand {t is possible to cause processes which practically can not be realized by any other means, e.g, 
it {s possible to obtain phenol from a mixture of water and benzene in the presence of oxygen [1]; on the other 
hand the radiation can strongly accelerate a number of slowly occurring processes, The latter effect must be 
particularly evident in the case of a reaction occurring through a chain mechanism, This fs indicated by the 
well-known facts of photochemical action on chain reactions, as well as direct experiments on the initiation 
of polymerization reactions by fonizing radiations (2). 


In the case of absence of a chain mechanism the number of reaction products is equal to the number of 
initial particles, formed by the action of secondary electrons on the molecule, However, to obtain this max- 
imum yield it may be found necessary to have recourse to the action of catalytic additives which would increase 
the “utilization coefficient” of the initial chemically-active particles, as was shown by two of the authors of 
the present article for the case of radiolytic oxidation of benzene [3]. N. A, Bakh [4] has also pointed out the 
possibility of initiating short chains by radiation, in the oxidation of hydrocarbons, 


However, particulary complicated and interesting relations between the various factors can occur in the 
case of reactions with branching or degenerate branching (5). Reactions of this type are,c.g., the practically 
{mportant case of oxidation of paraffinic hydrocarbons by molecular oxygen, 


_ The works of V, K, Tsyskovsk y(6], D, N. Chemyaev [7] and particularly of N. M, Emanuel [8] have 
uncovered the role of catalytic additives in the oxidation reactions of paraffinic hydrocarbons, Mainly, this 
tole reduces to the fact that the catalyst is the initiator of the reaction, Le., causes the formation of some 
active chemical substances which then lead the reaction, At this stage the catalyst itself can be removed from 
the reaction mixture, The role of such an initiator can also be played by an fonizing radiation as has been 
pointed out by us in several articles on the theory of chain reactions [5] and has been demonstrated experimentally 
for the case of a polymerization process (2]. Lately the expediency of using an ionizing radiation. for the initiation 
of the oxidation of high-molecular weight hydrocarbons has been pointed out by N. M, Emanuel, 


We pene experiments on the oxidation of hexadecane by molecular oxygen under the action of 
y “tadiation of Co™, 


The experiments were performed on a specially constructed source of activity 300 gm-equiv. (9), The 
construction allowed the source to be removed behind a shielU and the investigation of the kinetics of accum- 


ulation of oxidation products by removal of samples from the liquid during irradiation as well as in the post- 
{irradiation periods, 


Fig. 1.shows a diagram of the apparatus, the reaction vessel and its position relative to the rad{ation source. 
The temperature of the oven was kept constant to # 1°C with the help of a contact galvanometer H connected 
to the thermocouple f built into the oven, The temperature of the reaction mixture was determined with the 
help of another thermocouple (in the well B), whose readings were recorded by the automatic potentiometer K. 
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Fig. 1, Diagram of the apparatus: A)is the vessel where 
frradiation occurred, B) is the thermocouple well, 

C) are tubes through which oxygen was continuously 
circulated, D) is the apparatus for purifying of oxygen, 
E) and F) are liquid oxygen traps, G) is the oven for 
heating the reaction vessel, H) is the gal vanometer, 

I) is the thermocouple, J) fs an automatic potentiometer 
and K)is a bulb with oxygen. 


Fig. 2 shows as an example a curve obtained from such a recording during one experiment. The arrow 
indicates the time of stopping the irradiation, Small decreases in the temperature for short periods of time 
correspond to the removal of samples, 


— Time 


Fig. 2, Stability of the temperature during an experiment (on 
the ordinate axis 1 mm corresponds to 1°C), 


The yolume of the hexadecane put into the reaction vessel was 100 cm®, For experiments the fraction of 
technical hexadecane was used, b.p, 120°-125° C at a pressure of 1-2 mm, np =1.4374, P% =0,7783, iodine 
number =0,2, The strength of the dose was determined by the ferrosulfate method in a calibrating experiment 
where a solution of Mohr’s salt (10°*N) in 0,8 Normal H,SO, was placed instead of the hexadecane into the 
reaction vessel, The yield of this reaction was considered to be 15,6 molecules per 100 ev, [10]. The average 
strength of the dose was 80 r/sec. The analysis was performed mainly for total nonvolatile carboxylic acids by 
the method of titration with a base [11]. The experiments were conducted at 130° and at atmospheric pressure 
of oxygen, The samples of hexadecane were placed in the previously heated reaction vessel and then oxygen 
was passed with simultaneous irradiation. Samples were taken by changing the oxygen pressure and thus trans- 
ferring a few cubic centimeters of the reaction mixture from the reaction vessel, Such a method allowed the 
conservation of a stationary state inside the vessel, 


Fig. 3 gives the kinetic curves for the nonvolatile carboxylic acids obtained during the oxidation, The 
parts of the curves corresponding to the irradiation period are represented by dotted lines, The vertical lines 
indicate the cessation of irradiation. Curves 1-5 were obtained for varying periods of irradiation (from 0,25 to 
. Shours), Curve b corresponds to no irradiation, 


It is seen from the curves presented that irradiation of the reaction mixture increased considerably the rate 
of oxidation of the hexadecane, However, if the period of irradiation became longer than about 30 min, the 
rate of the reactionno longer depended on the time of irradiation, In other words, increase in the time 
of irradiation any further did not increase the rate of oxidation. 
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2 hours 


Fig. 3, Formation of nonvolatile carboxylic acids as a function 
of time under the action of different radiation doses (integral 
doses, kiloroentgens ); 1) 576; 2) 144; 3) 864; 4) 288; 5) 72; 
6)without irradiation, 


Thus, under the conditions of our experiments initiation of the oxidation of hexadecane {s most rationally 
done by irradiating the reaction mixture for about 30 minutes and then stopping the irradiation. It seems 
evident that there exists a very close analogy between the phenomena described here and the phenomena 
occurring on catalytic oxidation of hydrocarbons where the catalytic a jditive can be removed from the reaction 
mixture a certain time after the beginning of the reaction with the reaction still proceeding at the same rate. 


An explanation of this phenomenon has been given by N, M, Emanuel from the standpoint of degenerate 
branching (8). Assuming that degenerate branching occurs in the final product and that breaking of the chains 
follows a first-order law, he showed that after a certain time ¢ the action of the catalyst does not increase the 
rate of the reaction, This time t isgivenby the relationship: 


t >> kin(1- 


where We is the rate of initiation of the chains in the absence of the catalyst,“ea is the rate of initiation of the 
chains in the presence of the catalyst and k is a coefficient being a combinetion of elementary reaction constants. 


If a similar scheme {s at least formally correct for reactions initiated by irradiation, then since Wec can 
be considered to be approximately proportional to the dose strength, the expression for t will be: 


4 
t>>kin(l- — 
( 


hexadecane 
; 3 4 ? 
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where p fs the strength of the dose and a is a magnitude 
constant at constant temperature. However, it can be 
supposed that the expression for t must be more com- 
plicated since {it is more logical to assume that breakihg 
of the chains occurs quadratically and not lincarly, In 
this case pt must appear instead of p in the expressions: 
for the macroscopic rate of the reaction, as it often 
does in the case of photochemical reaction, 


The problem of the connection between t and p is 
, 2 thus substantial from the standpoint of the theory of the 
2 6 6 hours process, The practical importance of this problem fs . 
evident. Hence, further investigations must be directed - 
Fig. 4. Formation of peroxide compounds towards solving it, Let us only note that from the fore-  “* 
under the action of radiation; 1) time going analysis it can be seen that increase in the strength 
of irradiation 3 hours, 2) without irrad- of the dose will probably lead not only to an increase in 
fation. the rate of the oxidation but also to a decrease in the 
necessary time of frrad{ation. 


Simultaneously with the determination of nonvolatile acids, in a series of experiments we determined the 
acids volatile at the temperature of the experiment by freezing them from the oxygen stream coming out of 
the reaction vessel and also determined the amount of peroxides produced according to the method of K, L 
Ivanov (12). It was found that under the action of irradiation the rate of formation of the peroxides also in- 
creased, The kinctic curves for the formation of peroxide compounds are given in Fig. 4. 
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INFRARED SPECTRA OF SOME SECONDARY AROMATIC AMINES> 


. 


M. A, Salimov and V, M. Tatevsky 
(Presented by Academician P, A, Rebinder on September 11, 1956) 


Secondary aromatic amines are very important in chemical industry as inhibitors and additives t rub- 
bers in rubber mixtures, 


However there has not been any systematic investigation of the relation between the structure of second- 
ary amines and their vibrational spectra, In Colthup’s review [1] fatty and fatty-aromatic amines are considered 
among other aromatic compounds and it is mentioned that secondary amines have intense absorption bands in 
the regions 1200-1300 cm™! and 3600-3500 cm™', which are ascribed by the author to the valence vibrations of 
the C-N and N-H bonds respectively, In Bellamy*s monograph [2] it is also mentioned that all secondary amines 
in dilute solution have only one band in the region 3200-3500 cm™*, In concentrated solutions a second band 
appears due to hydrogen-bonding, on the long-wavelength side, The region of the valence vibration of the C-N 
bond is given to be 1280-1350 cm™4, In these and other articles the position of the absorption band of the in- 
plane deformational vibration of the N-H bond is discussed, In secondary amines the absorption band of this 
vibration Is weak; it is supposed that it must occur in the region 1480-1650 cm™4, {,e,, in the same region as the 
characteristic band for the in-plane deformational vibration of the C-H bond [3], Separate parts of the spectrum 
of diphenylamine are considered in the remaining articles [4,5] Thus there fs not in the literature a complete 
investigation of the spectra of secondary aromatic amines or of their complete and infrared spectra, As 
for tetraphenylhydrazine the literature does not contain any information on its vibrational spectrum, 


In the present work we studied the infrared absorption svectra of diphenylaminc, dinaphthylamine, 6 - 
naphthyl-N-amine and tetraphenylhydrazine in the region 4000-3700 em™! 


The aromatic amines were purified by repeated recrystallization, The tetraphenylhydrazine was pre- 
pared from diphenylamine by the method described in the literature [9], Infrared absorption spectra of all sub- 
stances Investigated were obtained in the solid phase by precipitation on a KBr plate from solution, The spectra 

of the amines and of. tetraphenylhydrazine were taken on a spectrograph IKS-11, The infrared spectrum of 
tetrapheny lhydra7ine was also obtained at 100° in a thermostatted cell, The following slit widths were used; 

Prism Frequency interval, Spectral width, Prism = ~——- Frequency interval, Spectral width, 

em"! 
KBr 450-500 1300-1500 © 9 
500-700 1500-1600 
1600-1750 13 
650-800 
160-1075 1700-3500 16 


990-1340 2300-3500 8 


The frequencies of the infrared absorption bands obtained are given in Table 1, The spectra obtained contain 
the characteristic bands of the amines and also of the phenyl and 8 -naphthy! groups, 


* In the region of the valence vibration of the N-II bond all amines exhibit two absorption bands; di- 
naphthylamine 3425 and 3465 cm™', 4 -naphthyl-N-phenylamine 3430 and 3450 cm! and diphenylamine 3392 
and 3430 cm™!, In all amines the band on the short wavelength side is more intense than the other band, Ap- 
parently the long wavelength band is due to intermolecular hydrogen bonding through the amine hydrogen, 
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while the short wavelength band {s due to the valence vibration of the N-H bond, Naturally tctrapheny thydra- 
zine ducs not exhibit any absorption bands in that region, As could be expected all amincs have Intcnse ab- 
sorption bands in the region 3050-30865 em*', doubtless due to the valence vibrations of the aromatic C-H 
bonds, Diphcnylamine and % -naphthyl-N-phcnylamine have also another band on the long wavelength side, 
which perhaps can be explained by splitting of the frequency due to intermolecular interactions in the solid 
phase, Tetraphenythydrazinc and all the amines exhibit intense bands in the region 1200-1300 em*! which 
apparcntly are related to the valence vibration 
of the C-N bonds, It must be noted that if di- 
naphthylamine has one band at 1280 cm‘, then 
6 -naphthyl-N-phenylamine and diphenylam ine 
each have two bands (1260, 1276 and 1298, 1312 
correspondingly), Tetraphenylhydrazine has 
in this region three absorption bands (1250, 1275 
and 1300 cm™'), Probably one of these three bands ° 
is due to the valence vibration of the N-N bond 
even though in the case of hydrazine the band at 
850 cm~! is assigned to this mode [6], As can be 
seen fron. Table’! we do not have bands of this 
frequency, it is known that tetraphenylhydrazine 
| a easily decomposes at temperatures above 70°, 


on 


i 


giving diphenylnitrogen free radicals , Evidently 
L1J 0 ., on decomposition of the molecule the intensity 
of the absorption band of the valence vibration 
of the N-N bond must decrease, Indeed the infra- 
Fig, 1, The infrared spectrum of dinaphthylamine, red absorption spectrum of tetraphenylhydrazine 
; obtained at 100° (Fig, 4, dotted line), shows a sharp 
decrease in intensity of the absorption band at 1300 cm™4, while the bands at 1250 and 1275 cm*! join together, 
Other parts of the spectrum do not exhibit any substantial changes, The bands at 1250 and 1275 cm"! are ap- 
parently the symmetrical and antisymmetrical valence vibrations of the C-N bonds, Morcover,two of the three 
amines investigated have in the region 1200-1300 cm™', each two bands which could also be attributed to the 
symmetrical and antisymmetrical vibrations of the C-N bonds, It docs not seem possible to attribute unequivo- 
cally any one band to the in-plane deformational vibration of the N-H bond, On comparing the absorption bands 
of diphenylamine and tetraphenythydrazine it is easily seen that the bands 1459 and 1520 cm™! of diphenylamine 
do not appear in the case of tetraphenylthydrazine, The frequencies 1450 cm™* in dinaphthylamine and 1460 cm"! 
in § -naphthyl-N-phenylamine are very near to 
one of the above-mentioned fre quencies (1459 cm™!) 
of diphenylamine, Supposedly these bands could be 
assigned to the in-plane deformational vibration of 
the N-H bond in amines, The out-of-plane de- 
formational vibrations of the N-H and C-H bonds 
occur in the region 700-1000 cm™', From the data 
obtained it is easily seen that in this rgion,apart 
from the band due to the vibrations of the C-H bonds 
in phenyl and naphthyl groups, all amines exhibit 
intense bands (860-880 cm"), Tetraphenylhydrazine 
does not have any band in this region and this sup- 
ports our assignment, These bands are apparently 
due to the out-of-plane deformational vibrations 
of the N-H bonds, In symmetrical amines (e.g., 
naphthylamine and diphenylamine) the frequencies 
of these bands are equal (880 cm‘) while in &#- 
naphthyl-N-phenylamine this band is somewhat 
* lower (860 cm™'), The remaining bands can be as- 
signed to the various vibrations of the phenyl and 
8 -naphthy! groups, 


Transmission 
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Fig, 2, The infrared spectrum of 6 -naphthyl-N- 
phenylamine, 
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TABLE 1. 


Intensi- | intensi- Intensi- 
ty 
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* The intensity of the band; w-wcak, av-average, s-strong, vs-very strong, 


8 Sze 


mission 


Trans 


3 


4 


Transmission 


Fig. 3, The infrared spectrum of diphenylamine, Fig, 4, The infrared spectrum of tetrapheayl- 
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The intense hands 690, 740, 1495 and 1598 cm”! of tetraphenythydra zine are doubtlessly duc to the varl- 
ous vibrations of the phenyl group [1], Bands similar in thelr frequencies and intensitics (691, 735, 1495 and 
1599 em*') are found in diphcuylamine, On examining the bands of dinaphthylamine it is easy to notice the 
characteristic absorption bands of the B-naphthyl group [7]; 736, 806 and 851 cm™', The other intense bands 
(1515, 1535, 1562, 1615 and 1650 cm”) are characteristic of the naphthalene ring [8], The spectrum of B- 
naphthyl-N-phenylamine contains absorption bands characteristic of both the phenyl and the naphthyl groups, - 


Thus investigation of the infrared absorption spectra allows the establishment of a certain correspondence 
between the structure and the vibrational spectra of secondary aromatic aminey— - 


The M, V, Lomonosov Moscow Received September 7, 1956 
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INFLUENCE OF AN EXTERNAL ELECTRIC FIELD ON A CHEMICAL REACTION 
IN A GAS 


Timan 


(Presented by Academician A. N. Frumkin on September 15, 1956) 


In the previous article [1] in investigating the influcnce of ions on chemical reaction in a gas it was 
pointed out that in the case where the reaction products and the initial compounds interact differently with 
fons, the electrical field of the fons influcnces the equilibrium composition of the reaction. It is natural there- 
fore, to investigate the effect of an external electric fiold on the equilibrium composition of the reaction where 
the initial compounds are nondipolar molecules and the products are dipolar molecules. 


As a concrete case let us consider the reaction of the synthesis of ammonia 3H, +N, = 2NHsy which satisfies 
the above requirement. 


The equilibrium composition of a reaction must be determined by the condition that in the equilibrium 
state the system has the minimum energy if the entropy and temperature are constant, In the presence of an 
external electric field a decrease in the total energy of the system must be realized at the expense of an increase 
in the gas of the number of NHy molecules, since these molecules interact with the extemal electric field 
stronger than N, and H; molecules and since the energy of this interaction is negative. Hence, the equilibrium 
composition of the reaction in the presence of an extemal electric field must shift to the side of increased 
amount of ammonia, 


Actually the condition for the equilibrium is the equality: 


= 9. 


For the reaction being considered this condition is written 


Sustur = 


where ys, Hy and py are,correspondingly the chemical potentials of the hydrogen, nitrogen and ammonia 
molecules, 


When an external field of intensity E is applied to the system, the chemical potentials can be written as: ' 


= — E (dcosv + E), 
Hs = Hs id— E*B,, 
Us = sid — E* By. 


: 
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Herc Mid Bsid the chemical potentials of the ideal gascs NH3, Ng and HH, in the 
absence of auy ficld ; 64, 63, and are their polarizabilities; d ts the dipole moment of the molecule ; 
Cory fs the well-known Langevin function 


where a =Ed/kT. 
The chemical potentials pj 4g , are expressed 


tid = AT InP, + y,(T), (5) 


where Pj is the partial pressure of the particles of the i-th type in the mixture and xj (T) fs a certain function 
of the temperature 


= —AT An (a) exp (— — ner. 6) 


Here "rd are the energy levels of a molecule of the i-th type (not sactading translational energy), mj is the mass 
of the molecule of the i-th type. 


The sum in equation (6) cannot be calculated in the general case without some assumptions on the prop- 
erties of the molecule, The latter is unnecessary in evaluating the effect of the external field, 


' Substituting equations (5) and (3) into equation (2) and putting the concentrations ory instead of the partial 
pressures P;, we obtain after some transformations : 


Gc 
q 


=p-3 2dE cos v + 238,£2 — _ 


is the equilibrium constant for the reaction of the synthesis of ammonia 


here Kp (T)=exp. 


in the absence of an external field; Cy, C, and Cy are the oe concentrations in the gas, of molecules 
of ammonia, nitrogen and hydrogen, 


In practice it is always possible to choose the strength of the field and the temperature such as to fulfill 
the following inequality : 


2dE cos -+ 28, E* > (33, + Er. 


In the case of weak fields when it can be assumed that 


Ed 


‘mee 
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the inequality (8) can be written 


+ Br 


in this case cvaluation of the inequality shows that at T=10” the left part of the inequality is larger than the 
right part by more than ten times, This inequality will also be fulfilled at high fleld intensities when cosv 
is given not by equation (9), but by the more accurate equation (4), 


Thus, under these conditions, as can be seen from equation (7), the electric field shifts the equilibrium 
composition of the reaction to the side of a beaa number of ammonia molecules, The shift will vary proportionally 
with the electric field, 


Analogous considerations are applicable for any reaction where the initial compounds are nondipolar 
molecules and the products of the reaction are dipolar molecules, 


The Artem Dnepropetrovsk Mining Institute Recelyed on March 23, 1956 
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INVESTIGATION OF THE MECHANISM OF SYNTHESIS OF DIVINYL 
BY THE METHOD OF S, V. LEBEDEV USING RADIOACTIVE CARBON 


Corresponding Member of the Academy of Sciences, USSR Ss. Z. Roginsky, 
O. M. Vinogradova, and N. P. Keter 


Many different schemes have been proposed to explain the mechanism of the formation of divinyl from 
ethyl alcohol [1-6]. At present the scheme proposed by Yu.A. Gorin [4] and, independently of him, by M. Ya. 
Kagan et al{5} seems to be the best-grounded scheme yet. According to it the formation of diviny! from - 


alcohol occurs in four stages: 

1) 2CH,CHO + 2H, 

2) 2CH,CHO-~ CH, — CHOH — CH, —- CHO-»CH, — CH = CH — CHO + H;O 

3) CH, — CH = CH — CHO + C,;HsOH~+ CH; — CH = CH — CH,OH + CH,;CHO 

4) CH, — CH = CH — CH,OH CH, = CH — CH = CH; + H,O 

The American scientists Quatlebaum, Toussaint and Dunn [6] also came to similar conclusions. However, 
they consider that divinyl is formed from the crotonic aldehyde in one stage through deoxygenation, which pre- 


supposes adsorption of the crotonic aldehyde in the enol form, redistribution of hydrogen among the adsorbed 


molecules of ethyl alcohol and crotonic aldehyde,and desorption of the latter as divinyl, leaving oxygen behind 
on the catalyst. 


In the present work we attempted to clarify the stage mechanism of formation of divinyl from ethyl al- 
cohol with the help of molecules labeled by radioactive carbon. 


1. Reaction in the Adsorption Layer 


First we studied the transformations of ethyl alcohol and aldehydes in the adsorption layer. For this pur- 
pose ethyl alcohol was adsorbed at room temperature on Lebedev’s catalyst. Then after increasing the temper- 
ature to 500’, desorption of the volatile products of the reaction was performed. The volatile products were 
separated by vacuum distillation and identified by the dependence of their vapor pressure on temperature. 


In this way it was shown that in the adsorption layer on Lebedev's catalyst, ethyl alcohol is transformed 


into ethylene and acetaldehyde and.in small quantities, into diethyl ether. Under the above conditions pie 
was not found. 


An analogous investigation of the transformation of acetaldehyde ania that in the adsorption layer on 
Lebedev's catalyst, it transformed mainly into crotonic aldehyde and higher condensation products. Even at 
room temperatures formation of crotonic aldehyde could be observed. Simultaneously etuylene and divinyl! are 
produced in very small quantities. 


Investigation of the transformation of crotonic aldehyde showed that it transformed into ethylene, divinyl 
and higher condensation products. Formation of an unimportant amount of acetaldehyde was also observed. 
Introduction into the adsorption layer of small amounts of ethyl alcohol during the investigation of the adsorption 
of the aldehydes, increased the yield of divinyl from acetaldehyde as well as from crotonic aldehyde. 
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The results given above point out the possibility of the following sequence of transformations in the adsorp- 
tion layer; ethyl alcohol — acctaldchyde — crotonic aldchyde = divinyl. This substantiates the possibility that 
divinyl ts formed according to the scheme of Gorin-Kagin, but docs not prove that it is the only way. 


2. Study of the Genetical Relations with the Help of Labeled Molecules 


It is: possible to determine the mutual transformations of various substances in the reaction and the degrees 
of their participation in the formation of divinyl by adding, during the synthesis to the initial ethyl alcohol, 
substances labeled with C'*, whose role in the process is of intcrest to us, and then studying the distribation of 

among the reaction products. Such an approach allows us to determine the actual scheme for the formation 
of divinyl and to clarify the part played in its synthesis by other processes. 


The investigation was performed in a small dynamical apparatus. The products of the synthesis: ethyl 
alcohol, acetaldchyde, ethylene, diethyl ether and divinyl! were separated and analyzed for their C’* content. ° 


3. Isotopic Exchange Between the Alcohol and the Aldehyde 


Investigations using mixtures oflabeled ethyl alcohol with acetaldchyde showed that in the condensate 
obtained as a result of the synthesis, ethyl alcohol, acetaldehyde and divinyl all had very nearly the same spe- 


cific radioactivities. This value was considerably smaller than the specific radioactivity of the initial ethyl 
alcohol (Table 1). 


In experiments performed using mixtures of labeled acetaldehyde with ethy! alcohol, we also obtained 


ethyl alcohol and acetaldehyde with similar specific radioactivities which were smaller than the specific radio- 
activity of the initial acetaldehyde, 


The observed redistribution of radioactivity betwcen the acetaldehyde and the ethyl alcohol on Lebedev’s 
catalyst is a consequence of the redistribution of hydrogen between these two molecules. This redistribution 
leads to an apparent redistribution of radioactive carbon. This is an interesting example of intermolecular iso- 


topic exchange of one element, as a direct consequence of a usual chemical reaction with displacement of 
another element. 


TABLE 1 


Initial radioactive sub- Specific radioactivity Redistribution 
stance and its specific of the reaction products of Hs 
radioactivity in impulses 
per 1 mg of BaCO, 


Ethyl alcohol | Acetaldchyde 


Ethyl alcohol 469 320 ; 98 
Ethyl alcohol 272 , 206 98 
Acetaldehyde 280 45 


- The equality of the specific radioactivities of acetaldehyde, ethyl alcohol and divinyl obtained in the 
above experiments indicates that this process occurs at a far 'arger rate than the rate of formation of divinyl. 
Divinyl is formed from the mixture of ethyl alcohol and the aldehyde where the isotopic carbon exchange 
through redistribution of hydrogen has been already factually completed. 


The rate of this process can be conditionally characterized by percent of redistribution of hydrogen, ex- 
pressing the ratio of the specific radioactivity of the ethyl alcohol obtained to the specific radioactivity which 
would be obtained on uniform distribution of all radioactive carbon among all carbon-containing substances. 


Investigation of the redistribution of hydrogen at different temperatures showed that its rate drops rather 
slightly with decrease in temperature, remaining considerable at room temperature (Table 2). To clarify the 
mechanism of this process we investigated it on typically dehydrogenating (ZnO) and dehydrating (Al,O,) cata- 
lysts. It was found that on Al,O, the redistribution of hydrogen occurs practically completely in the time during 
which only 23% of exchange occurs on the dehydrogenating catalyst (Table 2), This makes probable the 
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supposition that the process of redistribution of hydrogen does not have common stages with the process of 

dehydrogenating of ethyl alcohol. The redistribution of hydrogen takes place also without a catalyst but at a 
very small rate. Thus, in two months of standing it reached only 58%. In other words, Lebedev's catalyst at 
21° accelerates the isotopic exchange betwecn ethyl alcohol and acetaldehyde by approximately 1500 times. 


| 


TABLE 2 


Catalyst Temperature,°C | Time of Redistcibution of H.% 
Contact 


Lebedev's 300 4-8 seconds 
200 

Lhour 

Al,0, 390 4-8 seconds 

ZnO 390 

Without catalyst 21 . 24 hours 

21 2 months 


* In liquid mixture of ethyl alcohol with marked acetaldehyde (10%). 


The interaction between acetaldehyde and ethyl alcohol can serve as a model reaction for the interaction 
between other alcohols and aldehydes in Lebedev's process. Applied to the system crotonic aldehyde — ethyl 
alcohol, redistribution of hydrogen must unavoidably lead to the formation crotyl alcohol. This speaks in favor 
of the Gorin-Kagan scheme for the transformation of crotonic aldehyde into divinyl and does not agree with the | 
mechanism of deoxygenation of Quatlebaum, Toussaint and Dunn. It is natural to think that if deoxygenation 
does take place in the system crotonic aldehyde —ethyl alcohol, then it also should occur in the system marked 
acetaldehyde ~ ethyl alcohol. This would lead to the formation of radioactive ethylene from the marked acet- 


aldehyde, i.e., the redistribution of C!* between the aldehyde and the ethyl alcohol,which we observed experi - 
mentally, would not occur. : 


4. Investigation of the Role of Crotonic Aldehyde 


Synthesis of divinyl from a mixture of ethyl alcohol with labeled crotonic aldehyde on Lebedev’s catalyst 
leads to the formation of divinyl whose specific radioactivity is considerably smaller than the specific radio- 


activity of the initial crotonic aldehyde. The presence of radioactivity in divinyl shows that during ve syria 
sis the crotonic aldehyde transforms into divinyl. 


The smaller specific radioactivity of divinyl relative to the specific radioactivity of the initial crotonic 
aldehyde is a consequence of its dilution by nonradioactive divinyl formed from ethyl alcohol. The role of the 
crotonic aldehyde in the formation of the nonradioactive divinyl from ethyl alcohol could be clarified from 
the specific radioactivity of crotonic aldehyde obtained from the reaction products. However, we were not able 
to find crotonic aldehyde among the reaction products. This indicated that crotonic aldehyde {s easily trans- 
formed on Lebedev's catalyst. Considering the results of experiments on the transformation of acetaldehyde in 
the adsorption layer it can be concluded that formation of crotonic aldehyde from acetaldehyde occurs at a 
large rate. This and also the fact that the rate of transformation of crotonic aldehyde into divinyl, calculated 
from the radioactivities, exceeds the rate of transformation of ethyl alcohol into divinyl, speak in favor of 
intermediary formation of crotonic aldehyde in obtaining divinyl from ethanol. 


The investigation performed has shown that fundamentally the formation of divinyl occurs through con- 
densation of the acetaldehyde to crotonic aldehyde, which in the presence of an excess of ethyl alcohol and as 
a result of redistribution of hydrogen, transforms into crotyl alcohol. Dehydration of the latter leads to the 
formation of divinyl. Application of labeled carbon atoms allowed a more careful study of the redistribution 


of hydrogen. This process occurs, apparently, through the formation and decomposition of intermediary com- 
plexes of molecules of alcohol and aldehyde. 
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Thus, the basic sequence of stages in the transformation scheme of Gotin-Kagan {s substantiated. The 
nature of the participation in the process of the ether and the ethylene found among the reaction products, re- 
mains unexplained. Results pertaining to this problem were briefly treated in reference (7). 
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